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ABSTRACT
It is shown that the charge of the photodonor in 
electron-transfer reactions is an additional variable 
that should be considered in strategies to inhibit 
energy-wasting back electron-transfer reactions. In 
particular, when microheterogeneous media are used in 
water-splitting schemes and the photodonor charge is 
adjusted to take advantage of the electrostatics of a 
micellar potential surface, the back electron transfer 
is reduced. It is known that a 'chemical soup* 
consisting of the photodonor tris(2,2’-bipyridine)- 
ruthenium(II) CRu<bpy)3a^>, the electron relay methyl 
viologen <MV2-*-) f and a sacrificial donor like 
triethanolamine (TEOA) can generate dihydrogen from 
water in the presence of appropriate catalysts. Back 
electron transfer is inhibited by attaching a long chain 
to the viologen to make it lymphophilic and partitioning 
the relay into a micellar phase. Inhibition of back 
electron transfer in this system is improved by an order 
of magnitude by using the neutral photodonor 
bis(2,2*-bipyridine)-4,4’-dicarboxy-2,2 ’-bipyridine- 
ruthenium (Ru(bpy)2dcb).
The photophysics of Ru(bpy)2dcb and Ru(bpy)2dcbH2=* 
are compared to that of Ru(bpy)3*-*-. it is shown that
-xvii-
the triplet metal-to-1i gand charge transfer state 
(3MLCT) is stablilized for these complexes and thus the 
activation energy, AE, for the thermal population of the 
ligand field state (LF) is increased. Papulation of the 
LF state can result in the photodegradation of 
photocatalysts.
The 4,5-diazafluorene ligand was used to 
investigate the nature of photosubsti tuti on for 
polypyridine ruthenium complexes. Di azaf1uorene is 
shown to lower LF state(s) without perturbing MLCT 
states. The photophysics for the series,
Ru <bpy)3_„diaz„^ <n=0,1,2,3), is examined. Each 
substitution of a diazafluorene for bipyridine is shown 
to progressively lower the LF state. Surprisingly, the 
photoanation of Rutbpyl^diaz2- in acetonitrile has 
little temperature dependence in contrast to that of 
Ru (bpy) 3 =*^ .
The photoanation of the Ru(bpy)3 -r,diazr,=* 
<n=0,1,2,3) series in di chioromethane is studied. This 
study directly confirms Meyer’s chelate model of photo- 
substitution for polypyridine complexes. An
intermediate that has a monodentate diazafluorene, 
C(diaz)2Ru(Cl)diaz3*, is identified spectrally, and its 
thermal ring closure regenerating Ru(diaz)3=»* is 
observed and has an activation energy of 15.7 kcal 
mol-1.
-xvi i i —
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Chaptar 1. Introducti
2Introduction
The number of studies of the photophysics and 
photochemistry of polypyridine ruthenium(II) complexes 
has increased dramatically due to fundamental interest 
in these compound’s unique luminescence1-22 and their 
abi1ity to serve as photosensitizers in various redox 
and solar energy conversion schemes. =*=*-3 *
Tris-(2,2’-bipyridine) ruthenium(II), Ru(bpy)3='*'> is the 
major paradigm of this class of complexes and is 
probably one of the more extensively studied molecules 
in chemistry today. Despite the many studies, several 
questions about Ru (bpy) s5*- remain. The fundamental 
disputes are (1) the assignment of the three 1owest 
emitting states, (2) the extent of spin-orbit coupling 
which determines whether the use of spin labels are 
appropriate in describing the excited states, and (3) 
whether the promotion of an electron from metal-centered 
d?r orbitals to 1igand w* orbitals is initially localized 
on one bidentate 1igand or is delocalized over the three 
1igands so that the molecule retains D* microstructure.
In addition to the fundamental questions, many 
verifications of electron-transfer theory have involved 
ruthenium (II) excited states. =*o-^° Currently,
ruthenium(II) amine complexes are important in
3experimentally determining the limits of through-space 
electron transfer."*1'**52 Polypyridine ruthenium complexes 
are also useful as models for photosynthesis,*3 as 
agents for the exploration of DNA environment,++—+T and 
as anti-tumor agents by intercalcation with DNA.*® 
Additionally, the ability to participate in 
electron-transfer reactions make polypyridine 
ruthenium(II) complexes both powerful photo-oxidants and 
photo-reductants. As a consequence, the major research 
impetus is the use of their excited states produced by 
visible radiation in water-splitting schemes to produce 
dihydrogen. Several major reviews describe the 
photophysics and photochemistry of these complexes.*^-®* 
The recent monograph on ruthenium chemistry devotes one 
chapter to this topic.®® Another major review of 
polypyridine ruthenium(II) complexes is in press.®® 
Therefore, although some background material is 
presented here, the primary focus of this chapter is to 
review the recent 1iterature concerning polypyridine 
ruthenium(II) complexes, especially current
controversies.
Historically, ambiguity relative to the properties 
of RutbpyJs52'*’, first arose after Paris and Brandt 
assigned emission to be a charge-transfer 
fluorescence.®5” Porter and Schlafer believed emission to
4be ligand-field (d-d) phosphorescence* 8  while Crosby, 
Perkins, and Klassen postulated that emission was d-d 
f luorescence. *** Finally, Klassen and Crosby, in a 
comprehensive study of a series of <x—diimine ruthenium 
complexes showed emission to be a charge-transfer 
process but did not assign any multiplicity. 8 0  Zuloaga 
and Kasha suggested the luminescence is a 
singlet-singlet transition (fluorescence) . 8 1  Demas and 
Crosby concluded, in a study of a series of o-diimine 
ruthenium complexes, that the emission is a 
spin—forbidden process because of the magnitudes of the 
observed lifetimes (SCO— 1000 ns) and because 
luminescence is unique for a given complex.83* A strong 
heavy-atom perturbation was thought to be responsible 
for the long lifetimes. A large quantum yield of
emission for Ru(bpy)»3S* was confirmed by Lytle and
Hercules.8*
In order to understand the initial difficulty 
related to assigning the emission of Ru(bpy)3a*| it 
would be instructional at this point to examine a 
localized orbital model of the excited states of 
d8-complexes in octahedral mi crosymmetry that is 
presented in Kalyanasundaram’s review. 8 1  Figure 1 shows 
ground and low-lying excited states in terms of the 
metal-centered t2g> and e0  d orbitals and as
5ligand-localized w-bonding and w*-antibonding orbitals. 
The ground state strong field configuration, (tzg)6, 
results in a ‘Ai ground state label. One electron 
excitations could result in four potential orbital
transitions: d->d*, d->w*, w->d», and Ligand
field (LF) transitions (e.g., promotion of an electron
from a t2o to an ea orbital> give weak (Laporte 
forbidden) absorption bands (€*^100). Transitions that 
promote a metal t2a electron to a tt*—anti bonding orbital 
result in d - ^ *  transitions. An electronic transition 
of this type is labelled metal-to-1 igand charge transfer 
(MLCT) while the reverse transition is called a 
1igand-to-metal charge transfer (LMCT). Ligand-centered 
transitions from the w-bonding orbital to the 
w*— anti bonding orbital (tr->?r*) are usual 1 y occur at high 
energies. Finally, significant interactions with the 
solvent may lead to metal—to-solvent charge transfer 
(MSCT) transitions. Terms like MLCT, LMCT, LF, and LC 
(1 igand-centered), however, lose some of their meaning 
when states cannot adequately be described by localized 
orbital configurations. This has resulted in confusion 
in the assignment of absorption and emission bands of 
Ru (bpy) is*"*" over the years.
The UV/VIS absorption spectrum of Ru(bpy)»*‘,‘ in 
solution consists of three major absorption bands,
Figure 1. Possible one-electron transitions for 
dA-complex in octahedral symmetry <DS) -
Tt.
3 " 
*
s ' *
‘2 ' ^ ^
%  — 3U*
tt2—
8centered at 244, 285, and 453 nm.*» The first and third 
bands exhibit fine structure and have been assigned to 
"singlet" MLCT transitions. B 8 _ 6 0 * 6 4 - 7 , 1  The second band 
occurs in the same region as that of the w-w* transition 
of the diprotonated form of bipyridine and has 
consequently been assigned to be that of a 
1igand-centered (LC) transition.
Intersystem crossing from the "singlet11 MLCT to the 
corresponding "triplet" MLCT state occurs with unit
efficiency < 0 * „«==!> Thus, the Ru(bpy)32^ complex
displays a relatively i ntense emission the quantum 
efficiency of which is wavelength independent.7* 
Excitation at any wavelength below approximately 550 nm 
results in rapid population of the 1 owest emitting 
state. The emission has been assigned as
phosphorescence. The assignment of the spin
multiplicity, however, has been criticized because 
spin-orbit coupling may be substantial. States with 
considerable amounts of both singlet and triplet 
character may occur . * * ' 7 0  In fact, Demas and co-workers 
have observed energy transfer from the CT state of 
Rutbpyls3* to the singlet state of several organic 
dyes.7* This process, of course, would be spin-forbidden 
if the emitting state were purely triplet. These 
workers suggest that the "triplet" label should be
9abandoned and that the emission should be referred to as 
luminescence, not phosphorescence. 7 8  These results 
support the electron-ion parent coupling (EXP) model 
developed by Crosby and co-workers to explain the 
observation Ru(bpy)3=e‘*' has three low-lying states with 
different temperature-dependent lifetimes and quantum 
yields at low temperature. 8 7  The EXP model 
incorporates spin-orbit coupling assuming that 
electronic states are delocalized over the entire D3  
chelate system. In this model multi-ring orbitals 
couple the bpy (w*) orbitals to the drr® core resulting 
in a singlet and three low-lying triplet states. 
However, Kober and Meyer have developed parametric 
models for both the delocalized case7 7  and the localized 
case7 8  which show that the origin of the emission could 
be rationalized to be a largely "triplet" state (<1 1 % 
singlet) while the absorption arises from a largely 
"singlet" state. Their analyses differ from those 
suggested by the EIP model because spin-orbit coupling 
is calculated between excited-state wavefunctions 
themselves and not Just between the dw8  core 
wavefunctions. Braterman et al. have also developed a 
localized model in which spin multiplicities are 
retained in order to explain photoselection data . 7 7  
Recently, surprisingly small spin-orbit coupling has 
been estimated for the low-lying emissive states of
10
Ru <bpy )»*■*■ by both zero-field optical detection of
magnetic resonance (0DMR> and time-resolved EPR at 
liquid helium temperatures.®°
Considerable evidence, obtained from experiments 
with Ru(bpy)3t2'*- in fluid media, points to a reduction in 
symmetry from the D® ground state to C2v in the excited 
state. The luminescent state is best described as
C (bpy)2 Ru * 1 x (bpy— ) in which the excited electron is
localized on one ligand. Nanosecond t i me-resolved
resonance Raman <TR3) studies clearly show transitions 
similar to those of bpy and bpy- ,Bl"BS More evidence 
that the excited electron is 1 i gand-1 ocali zed is 
inferred from the similarity of the absorption spectrum 
of Ru(bpy)®3* to absorption spectra of Ru(bpy>3s* and 
Na^bpy-.**■* Excited state absorption and photoselection 
results also support a ligand localized model for the 
excited state.BO'BA Finally, time-resolved
photoselection (TRP) and 1ine-broadening of EPR have
been interpreted in terms of a localized bpy- ligand 
from which i ntramolecular electron-hoppi ng occurs 
between ligands.**^-®’5'
In theory, the assi gnment of the low-lying 
luminescent states can be resolved by polarized emission 
from a single crystal. Yersin and co-workers report
11
considerable "resolution enhancement of excited states 
by thermal activation" (REESTA spectroscopy) in a study 
of the low temperature polarized emission of a
ERu(bpy)3 ](PF6 )a single crystal. 1 Group-theoretical 
assignments can be made on the basis of optical 
selection rules (Figure 2 ) . 1 - 3  Basic features of the EIP 
model such as three low-lying states are confirmed 
although assignments differ. The IE' state is mostly 
triplet in character while 2E* and 1A2 ’ have some 
singlet mixing. These three states are within 40 cm- 1  
of each other. The higher-lying 3E’and 2Ase’ states have 
significant singlet character. Emission from 3E’ 
accounts for about 95% of the intensity at room 
temperature. This scheme is rationalized by assuming 
Ds’ symmetry which is thought to be "intrinsic" to 
Ru<bpy)3a‘*'. Excited state symmetry reduction is thought 
to be matrix induced (e.g., by a polar solvent or 
gla ss). By varying the anion of ERu (bpy) 3 3X2 - nH20 EX =* 
PFA , CIO*., Cl, Br, I, SON, N0S , BF*, B(phenyl) * 3  as 
solid powders, Yersin and co-workers observed second 
sphere coordination effects on luminescence.* The highly 
resolved absorption spectrum of the single crystal below 
6 K supports this model. 0  Application of magnetic fields 
at 2K reveal zero-phonon emission and a b s o r p t i o n . ^  
Yersin believes theoretical studies in light of his 
results should be reopened.
12
Figure 2. Energy-level diagram -for the luminescent 
states of single-crystal
CRu(bpy>s3(PF«)2 . Assumed symmetry is 
D*’.*
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Braterman concurs with Yersin's assignments if the 
symmetry is truely Ds'.a However, Braterman believes the 
REESTA experiments actually support both a delocalized 
(Ds) and a localized model (C2v) because polarized 
emission was examined only along the molecular z axis 
and in the molecular xy-plane. With respect to the 
molecular z axis, E ’ levels give rise to perpendicular 
emission and A l e v e l s  result in parallel emission. To 
obtain proof for either the delocalized or localized 
model the differences between x- and y-polarized 
emission intensities should be compared when excitation 
is along the x axis. Yersin's experiment combines the x 
and y components.
The assignment of D3  symmetry is also supported by 
the results of magnetic circular polarized luminescence 
(MCPL)^, of time-resolved luminescence <TRL)** (in zinc 
hosts at liquid helium temperatures), as well of 
solid-state excited-state resonance Raman (ERR) . 2 0  These 
studies when combined with studies of low temperature 
(<.10K) magnetic circular dichroism (liCD) result in 
different assignments for the low-energy states.** The 
results of the neat CRu(bpy)s 3(PFA )a single crystal work 
has been criticized for introducing more confusion than 
clarification. 1 2  Krause and Nightingale believe that 
energy transfer between chromophores explains the
15
observation of "so-called" zero-phonon bands and that 
the surprisingly high resolution obtained in the single 
crystal work is perhaps due to an impurity such as 
Os (bpy)®52*.13E The polarized luminescence, at various 
temperatures, of Os(bpy)3a* doped into single crystals 
of CRu(bpy)s 3<PFA )a is reported to support their 
contention. Their conclusion was that only luminescence 
studies of Ru(bpy)35** in dilute solutions should be 
done; the solution can be either solid glassy solutions 
or doped single crystals solutions. Moreover, others 
believe that it is unlikely that two similar symmetry 
states would occur within 1 0  cm- 1  of one another and 
would have different radiative and non-radi ati ve 
properties. Yersin et al. stand by their
interpretation that highly resolved single crystal 
Rutbpy)®32* spectra are of "intrinsic" transitions1® and 
report highly resolved emission and absorption spectra
of COs (bpy) s3 <0 1 0 .4 ) 2  in a ERu(bpy)(CIO^)^ single 
c r y s t a l . A  group-theoretical assignment is not 
possible in this case since the crystal structure is not 
known.
A blue shift of MCPL and TRL luminescence in going 
from fluid media to a solid glass has been interpreted 
to be a change from ligand localized (C2v) excited 
states to delocalized <D3 ) excited states. 1 7  This
16
proposed mechanism is disputed by investigators Mho 
studied both time-resolved and temperature-dependent 
emissions as well as transient a b s o r p t i o n s . S o l v e n t  
reorgan i z at i on is thought to explain the observed 
1 uminescence shi-fts that occur when the temperature is 
changed through liquid-glass transition
temperatures.xo' *** Ferguson and Krausz agree that a 
rapid solvent dipole relaxation takes place, but then 
still maintain their initial i nterpretati on of the 
observed blue shifts.*=*=* Additional MCPL evidence from 
studies of Ru< bpy )»=•*- in both solutions and doped 
crystals is presented in support of their model. 3 1  
Additionally, Hauser and Krauz reexamined the excited 
state absorption (EA) of Ru(bpy)sa+ over a wider range 
<240-22,000 nm) than previous studies and found evidence 
for a change in 1 igand geometry when the temperature is 
changed through the glass-transi t i on temperature.2 x 
Milder et al. found no change in excited state 
absorption over a smal1er range (300-500 nm). 
Picosecond Raman studies of Ru(bpy)®** in glycerol lead 
Hopkins and co-workers to believe that the excited 
electron is initially delocalized over the three ligands 
(Ds symmetry) but that electron trapping by the solvent 
leads to a localized MLCT <C2v symmetry) . 2=2
Although assignment of the low-lying states is
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still not resolved conclusively, it is generally agreed 
that the three low-lying 3MLCT states are fully 
populated for temperatures >77K and can therefore be 
considered to form an "average" state. Because much of 
the photophysics and photochemi stry of polypyridine 
ruthenium complexes can be rationalized in terms of 
"singlet" and "triplet" states, the use of spin labels 
will be continued with the caveats previously given 
about the extent of spin-obit coupling.-7-*5- ^
The ®MLCT state is reasonably long-1 ived (*'*600 ns 
in water at 298K) and is thought to be deactivated by 
the three processes shown in Figure 3. One deactivation 
pathway is radiative decay to the ground state with its 
accompanying emission that occurs around 600 nm. For a 
large number of polypyridine ruthenium complexes, the 
values for the radiative rate are found to lie between 
1 0 * and 1 0 ® sec -*.«**»
Radiationless decay is also available to the
excited state. In fact, this pathway is generally 
responsible for dissipating the majority of the
excitation energy. The rate for this process is
theoretically predicted to depend exponentially on the 
energy difference between the initial <®MLCT) and the
final (ground) state . * 0  Meyer and co-workers have
18
verified this expected dependence for numerous ruthenium 
and osmium complexes. 9 8 * 9 3
The radiationless rate is subject to a large 
solvent isotope effect, which is 1 . 8  in H 2 0/D20 at 298k. 
This large isotope effect has led Van Houten and Watts 
to suggest that the luminescent state contains some 
metal-to-solvent charge transfer <MSCT> character. In 
fact, by evaluating k„,- (Figure 3) for RuCbpyls*^ in
different solvents, Nakamura estimated the relative
ratio of MLCT and MSCT to be nearly unity in water.
Figure 3 indicates that the 3MLCT state is also 
deactivated by a 1i gand field (LF) state that is 
thermally populated. 9 7  This excited state is identified 
as an LF state because it is not observed 
spectroscopical1 y , it rapidly decays to the ground state
(k„ *= iO1 2  — 1 0 ~  s_1), and it results in a low yield
photareaction. Studying both the temperature-dependent
Ru(bpy)35B* luminescence lifetimes (eq 1 ) and 
intensities (eq. 2), Van Houten and Watts were able to
evaluate the activation energy (AE) for population of
the LF excited state to be 3600 cm-1.9®
1/t 0 (T> = k„r- + k,- + k0exp(-AE/RT) (1)
1/0 (T) = (knr + k^/kr- + (ko/kr-)exp (—AE/RT) (2)
Figure 3. The photophysics of Ru(bpy)
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kr- = (ZJ/To (3)
kr»r = 1/To - kr- (4)
To is the lifetime, knr. is the non-radiative rate
deactivating the 3 MLCT, k.- is the radiative rate of the 
triplet state, AE is the thermal activation energy for 
population of the LF state, k0  is the non-radiative rate 
for deactivation of the same LF state and «z> is the
quantum yield of emission. The radiative and
non—radiative rates, kr- and knr- respectively, are 
determined from measurements of tb and 0 (eqs 3  and 4 ). 
AE and k0 are determined from a non-linear 1east—squares 
fit of the temperature-dependent lifetimes to eq 1. On 
the other hand, Mhile kQ cannot be determined from a 
similar fit of temperature-dependent quantum yields of 
emission (eq 2), AE can be evaluated. To further
substantiate these relationships, AE has been determined 
for a number of complexes that have different 3MLCT
energies. As shown in Figure 3, if the 3MLCT energy 
decreases, the activation energy should increase 
proportionally. Such a correlation has been clearly 
observed and suggests that there is a thermal
equilibrium between these two excited states." Caspar 
and Meyer came to a similar conclusion in a study of 
Ru(bpy>2LsE complexes (L = mono- and bi dentate N, P and 
As l i g a n d s ) . A  dramatic effect upon the excited state
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properties of these complexes mss observed by when the 
ligand was varied. Unfortunately, no correlation 
between the 3MLCT energy and the activation energy for 
LF population was apparent because a substantial 
variation of both the 3MLCT and LF energies occurs. A 
study of solvent effects on the excited state behavior 
of Ru(bpy>ss'9' also indicates that there is a 
relationship between the 3MLCT energy and the activation 
energy for LF population. 4 0 0
An additional exponential term implicating a fourth 
MLCT state must be added to eq 1 in some cases in order 
to describe temperature-dependent lifetime data 
adequately ■ There is clearly a need for the 
fourth MLCT in the case of Os (bpy) »*•*•. However, in
the case of Ru(bpy)35=i%  the existence of the fourth MLCT 
is more obscure because the transition to the LF state 
becomes important above 200K. The lifetime of this MLCT 
is short and thought to have a considerably more singlet 
character than that of the low-lying 3MLCT states. The 
non-radiative decay, ka *, is typically between iO^-lO** 
s_l, and AE' ranges from 400 to 1000 cm-1. ^  Because the 
LF state becomes important above 200K, eqs 1 and 2 are 
usually adequate to describe the observed temperature 
dependencies of the transitions in polypyridine 
ruthenium complexes; therefore the second exponential
23
can often be dropped. In the work presented in this
dissertation, there is also no need for a second
exponential term.
Finally, the LF state can be deactivated by
photoreaction. In aqueous solution, the
photosubstitution quantum yield for Rutbpy)®*'* is pH 
dependent. At neutral pH, there is almost no detectable 
photoreaction (ddBcomp < iO-*) while in either acid or
basic media the efficiency rises to a detectable, albeit 
low, value. xoes In contrast, a marked increase in
the efficiency of photosubstitution in organic solvents 
such as dichioromethane can be observed . 1 0 7  Meyer
and co-workers have reported an elegant investigation of 
photosubstitution.iOS Essentially, the well known 
"chelate effect" is incorporated in a model to explain 
the different photosubstitutional behaviors for 
R u <bpy>»=*•*• in water and in nonpolar solvents (Figure 
4 )Bio»,xxo chelate ring—opening is postulated to occur 
after the LF state is populated. In nonpolar solvents 
in which ion-pairing is extensive the presence of a good 
entering group such as NCS“ results in photoanation and 
loss of a chelate 1 igand. As shown in Figure 4, the 
mechanism of 1 igand loss is thought to go through a 
pentacoordinate intermediate. In polar solvents where 
ion-pairing is negligible, ring-closure regenerates the
Figure 4. Meyer's chelate model for 
photosubsti tuton.
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Figure 5. Idealized water-splitting scheme using 
Ru(bpy)3** (Ru2-*) as the photosensitizer 
and methyl viologen (MV2-*-) as the 
electron relay.
N
N
- HO + CH 2/
0 2/i++H2
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parent complex -from the intermediate. Exploration of 
this mechanism is a major component of the research in 
this work and will be discussed in greater detail in 
Chapters 5 and 6.
Although photophysical and photochemical processes 
of polypyridine ruthenium(II) complexes are 
fundamentally interesting in their own right, the dream 
of using these compounds as photochemical sensitizers in 
cyclical water— splitting schemes to produce dihydrogen 
is the stimulus for much of this research. Figure
5 shows an ideal water-splitting scheme that would both 
oxidize and reduce water while regenerati ng the 
photocatalyst. Ru2* is the photosensitizer, Ru(bpy)s3'*', 
which, following excitation, reduces an electron relay 
such as methylviologen (MV3®*). MVZ-, in turn, reduces 
water to produce dihydrogen. For kinetic and 
mechanistic reasons, water reduction is slow in the 
absence of a suitable catalyst, (e.g., Pt ) . 1 
Likewi se, a catalyst (e.g., RuOa) is reguired to oxidize 
water to produce molecular oxygen.11® Unfortunately, 
back electron transfer reduces the efficiency of the 
cycle by
kb
Ru (bpy)s3-1- + M V - *  > Ru (bpyJs35* + MV2~ (5 )
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A sacrificial electron donor (such as cysteine, EDTA or 
tr i ethanolami ne) is usually added to intercept 
Ru<bpy>3;5'*' (in the place of water oxidation reaction in 
Figure 5) and thus back electron transfer is prevented. 
Additionally, mi croheterogenous media such as
monolayers,***-*=«» membranes, 1 2 7  micelles, 1 2 ® - 1 3 2  
vesicles, 1 3 5 5 cyclodextrin13^ and polyelectrolytes13* 
have been used to retard or prevent reaction 5 
significantly.13<b In another approach the photodonor and 
the electron relay are anchored on different polymer 
strands. 1 3 7  A mobile energy relay (9-methylanthracene) 
shuttles an electron from the bound ruthenium photodonor 
to polymer—bound liV2-^ . Because prompt recombination of 
the cage products is spin—forbidden, redox products 
approach 100%. Recently, the physical partitioning of
Ru(bpy)3 2* and MV2-* on porous Vycor glass has led to the 
first detection of the photoredox products Ru(bpy>3 3'*‘ 
and MV-* that occur in the absence of an added electron 
donor.13® In Chapter 2, another approach to retard back 
electron transfer is presented.
A word about the organization of this dissertation 
is appropriate at this point. Much of this research has 
previously been published and is reproduced in Chapters 
3, 4, and 5. Because a much of this work has already
been published, it was consequently decided that
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Chapters 2 and 6  would be presented in Journal format, 
each chapter will have its own introduction, 
experimental, results, discussion, and summary sections. 
Chapters 2 and 6  differ from Journal articles in that 
these chapters include more detailed background 
material. A modified version of Chapter 6  will be 
submitted for publication.
Chapter two, Fine-tuning Photosensitizer Charge in 
Retarding Back Electron Transfer in Water-splitting, 
shows that micellar approaches to retarding back 
electron transfer are improved when the charge of the 
photosensitizer is manipulated to take advantage of 
micellar electrostatics. Chapter three, Relaxation 
Processes of Electroni cal1y Excited States in 
Polypyridine Ruthenium Complexes, is reprinted from 
Inorganic C h e m i s t r y . The photophysics of the 
sensitizer used in the back electron studies <Chapter 2 > 
and its protonated analogue, Ru(bpy)zdcb and
Ru(bpy)adcbHse5*’*" (deb = 4,4’-dicarboxy—2,2'-bipyridine)
are reported. It is shown that lowering the 3MLCT state 
increases AE as expected (Figure 3). Chapter four, 
Selective Perturbation of Ligand Field Excited States in 
Polypyridine Ruthenium(II) Complexes, is reprinted from 
the Journal of the American Chemical Society. The 
ligand, 4,5-diazaf1 uorene (diaz), is shown to lower
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ligand field excited states with little perturbation of 
MLCT excited states. Chapter five, Dynamics of Ligand 
Field Excited States in Polypyridine Ruthenium(II) 
Excited States, is reprinted from Chemical Physics 
Letters. The temperature dependence of
photosubstitution for RutbpyJzdiaz52- in acetonitrile is 
examined in 1ight of Meyer’s chelate mechanism (Figure 
4). Photosubstitution processes are shown to have 
little or no activation energy for Ru(bpyJzdiaz*- in 
contrast to that of R u ( b p y ) C h a p t e r  six, 
Photosubst i tuti on Processes in Polypyridine
Ruthenium(ZI) Complexes probes Meyer’s chelate model of 
photosubstitution using Ru (bpy) (di az) (n ==
0,1,2,3) in dichloromethane. Evidence supporting 
Meyer’s mechanism is reported; the evidence includes 
spectral observation of a unidentate diazafluorene 
intermediate C(diaz)zRu(Cl)diaz3* and its temperature 
dependence for chelate ring-closure. Additional 
evidence that diazafluorene lowers LF states and 
perturbs MLCT states only siighty is compiled along with 
previous results for the entire series.
The thread that ties this research together is the 
manipulation of excited states that are shown 
schemati cal1y in Figure 3. The 1igand,
4,4’-dicarboxy-2 ,2 ’-bipyridine (deb), in Ru(bpy)sdcb is
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shown to lower the 3MLCT and to increase AE, the thermal 
energy required to populate the LF state (Chapter 3>.13"* 
Protonation gives Ru (bpy) zdcbHz3’- and lowers the 3MLCT 
even further. Increasing AE stabilizes the 
photosensitizer against photosubstitution. Ru(bpy)2dcb 
is an interesting complex in its own right. It has two 
excited-state pKa’s that differ from the ground-state 
pKa’s. 1‘*=: Ru(bpy)2dcb has been covalently linked to 
polymers*3^ and to Ti02 (see Chapter 2 ) . a * 3  Direct 
electron injection into the semi-conductor Ti02  
conduction band occurs after Ru(bpy)2 dcb. The lack of 
charge on Ru(bpy)2dcb was an important facet in the 
effort to retard back electron transfer presented in 
Chapter 2.
The other excited-state perturbation in this work 
is that of the LF state. The 4,5-diazafluorene ligand 
is shown to lower LF states and produces little 
perturbation of the MLCT states (Chapter 4). For a 
photocatalyst, photosubstitution is a nuisance that 
results in degradation of the catalyst. Thus, it is 
important to understand the mechanism of
photosubstitution in order to design photocatalysts that 
are photostable.
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CHAPTER
Prevent
2. Fine-tuning Photosensitizer Charge to 
Back Electron Transfer in Water-splitting
-52-
53
Introduction
The dream of developing a chemical storage system 
for visible light energy has spawned much research that 
has been summarized in the many good reviews on the 
topic Cl-91. An appealing approach is to use a 
photoredox reaction
h>T
D + A ----------> D- + A~ (1 )
in which light provides energy for the production of a 
high energy intermediate (D*A“) from the ground state 
donor (D) and acceptor (A). However, if the chemical 
potential of D"- and A- is to be subsequently used for 
fuel production, e.g., the splitting of water to produce 
hydrogen, then the energy-wasting back-electron transfer 
dark reaction,
heat
D~ + A- ---------> D + A (2)
must be prevented or at least retarded. One method of 
preventing or retarding back-electron transfer is to 
partition one of the charged species into a different 
phase. This prevention is typically done by using
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molecular aggregates C563 such as monolayers CIO— 153, 
membranes C16-173 , vesicles C18— 193, or micelles
C20-233. These microstructures provide both a phase 
separation and an electrostatic barrier which can help 
slow back electron transfer. Lipophilic polypyridine 
ruthenium(II) complexes C12-153 as well as lipophilic 
acceptors in several heterogeneous media (e.g.,
1ipophi1ic viologens) C20,24-273 have been investigated.
An alternative approach has been the use of colloids 
C283. Recently, direct electron injection into the band 
gap of a semi conductor, TiOz , has been accomplished 
C29-313. Cyclodextrin C533 and polyelectrolytes C54,553 
have also been shown to inhibit back electron transfer.
Hydrogen has been produced by the
photodecomposi t i on of water by means of a photoredox
reaction in a 'chemical soup’ (Figure 1). Typical 
ingredients include a photodonor such as tris-bipyridine 
ruthenium dication (Ru(bpy)3a*) or zinc
tetraki s (N-methyl pyr i dyl) porphyr i n (ZnTMpyP'*'*'), an 
electron acceptor (methyl viologen) which reduces water 
to hydrogen in the presence of the appropriate catalyst 
(colloidal Pt for instance), and a sacrificial donor 
(triethanolamine, EDTA or cysteine) that reduces the 
oxidized phatodonor to its original state and prevents 
back electron transfer C323.
Figure 1. 'Chemical soup’ water— splitting scheme.
S is photodonor RuCbpy)^2^ or 
Ru(bpy)2 dcb.
R is electron relay methyl viologen <MVa 
D is sacrificial donor triethanolamine 
(TEDA)
+ *
D
01o
57
It has been known for decades that colloidal Pt 
catalyses water reduction by agents such as Cr3*, V3*,
and the methyl viol ogen radical C8-9,33D. Ru (bpy> 33* in 
the presence of light can reduce methyl viologen (MV3*).
h4
Ru (bpy>33* + MV3* ----------- > Ru(bpy>33* + MV* (3)
The methyl viologen radical in turn reduces water in the 
presence of Pt.
Pt
MV* + HssO ------------- > MV3* + OH- + 1/2 H2  (4 )
This reduction is relatively slow and usually cannot 
compete with the back electron transfer that regenerates 
Ru(bpy)s2* and MV3*. In order to prevent back electron 
transfer, Ru(bpy)33* must be immediately reduced back to 
the 2 * state by a sacrificial electron donor such as 
triethanolamine (TEOA), which is consumed in the 
reaction
Ru(bpy)33* + TEOA » Ru(bpy)32* + TEOA* (5)
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When TEOA is added to suppress the back reaction of 
(3 ), then the reduced viologen is allowed to accumulate.
However, the role of TEOA in this system turns out 
to be more complicated than simply prevention of back 
electron transfer. Using laser photolysis,
Kalyanasundaram et al. investigated the three-component 
Ru (bpy > s^-VriV^-VTEOA system C323. By following 
bleaching recovery of Ru(bpy>;3** and the decay of the 
MV* radical, they discovered that TEOA both oxidizes MV* 
and reduces MV**. The bleaching recovery of Ru(bpy)»** 
was complete (5-10 ps) before the decay of the MV* 
terminated (40-100 ^s). Observing the decay of MV* in 
neutral solution as a function of TEOA concentration, it 
was found that even at higher concentrations of TEOA, 
some reoxidation of MV* continues to occur after all 
Ru(bpy) at3* has disappeared from the reaction. This 
reoxidation indicates that there is a second oxidant in 
solution, probably the TEOA cation radical, which can 
abstract an electron from MV* by
R=*n’h-CH3»—CHs*—OH + MV* --- > R=»N—CHat—CH2—OH + MV** (6 )
Because the activation energy of electron transfer is
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low and the reduction potential of TEOA-" is 1.26 V (vs 
NHE), reaction (6 ) should be quantitative at room 
temperature. However, considerable MV* escapes 
reoxidation by either Ru (bpy)®*-*- or TEOA* and remains 
stable in solution. Experiments at low and high pH 
explain both oxidation and reduction of methyl viologen 
by TEOA. At low pH, MV* is oxidized by the TEOA radical 
cation according to reaction (6 ). On the other hand, at 
high pH, all the MV* initially produced by the 
photoredox reaction is stable in solution. After the 
regeneration of Ru(bpy)3=* a second slower growth of MV* 
is caused by the neutral TEOA radical
RaN-CHa-CH-QH + MVZ*  --> MV* + RaN-CHa—CHO + H* (7 )
In neutral solution, the neutral and cationic TEOA 
radicals are in equilibrium and reactions (5>, (6 ), and 
(7) occur simultaneously.
Despite the fact that reactions (3), (4), and (5)
do not comprise a cyclical system, optimization of water 
reduction catalysts has been possible. It was found 
that catalytic activity increases with decreasing noble
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metal size. Ultra-fine colloidal Pt with a mean particle 
diameter of only 32 A effected photochemical hydrogen 
production with a quantum yield of over 30% C341- A
further enhancement of activity occurs for ultrafine Pt 
particulates deposited on a semiconductor such as Ti02 , 
which increases the cross section of reaction of the 
reduced methyl viologen radical with the catalyst. The 
support accepts an electron into its conduction band 
from which the electron migrates to the Pt sites where 
hydrogen production from water occurs C351. 
Advantageously, colloidal Pt interacts selectively with 
the MV* radical while practically not at all (or very 
slowly) with Ru(bpy)3 s*. Selectivity of the catalyst 
for the electron relay together with high rates of 
hydrogen production are necessary to prevent the 
competing back reaction of Equation 4 and oxygen 
reduction via (8 ).
MV-1 ■» MV2* + 03- (8)
Oxygen-generating catalysts are essential in order 
for the photodecomposition of water to be cyclic. It 
has been found that noble metal oxides such as Ir02 , 
PtOas, and Ru02  fullfill this role C36-39D. Again, size
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is also an important factor in catalytic oxygen 
generation; thus ultrafine Ru02  deposited on a TiO2  
support has been developed C403. By monitoring the
absorbance decay of Rutbpy)-,3* and the concurrent 
conductivity increase of Ru02 , hole transf er from
Ru(bpy);*3* to RuD2  has been shown to result in the 
generation of protons and oxygen from water C403.
Since water reduction and oxidation can take place 
by the photogeneration of MV* and Ru(bpy)3 3*,
respectively, attempts to carry out the two catalytic 
processes simultaneously, following electron transfer by 
photolysis, were inevitable. As pointed out previously, 
MV* reacts selectively with Pt due primarily to its 
hydrophobicity. On the other hand, Ru<bpy)s3* is more 
attracted to the negatively charged and therefore 
hydrophilic Ru02  surface. In order to increase the 
hydrophobicity of Pt, Kalyanasundaram et al. C41D used 
maleic anhydride and styrene as a protective agent for 
the reductive catalyst but, disappointedly, the quantum 
yield for water splitting was small 0. IV.) and the 
photoreaction ceased after Just a few hours.
There seems to be a fundamental problem with all 
devices that attempt photogeneration of H2  and 02  
without separation: the presence of oxygen will severely
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limit the quantum yield of water splitting by 
reoxidizing the reduced electron relay (equation S). 
Infelta examined the kinetics of processes taking place
in the Ru (bpy) couple under i 1 lumination by
computer simulation. He concluded that water splitting 
cannot take place in a system using MV2* under even a 
very smal1 oxygen pressure [421.
The oxygen problem was solved by development of a 
bifunctional redox catalyst where both Pt and Ru02  are 
deposited on Ti02  E431. Apparently 0 2  is absorbed onto 
TiOz during photolysis. When an electron is injected 
into the Ti0 2  conduction band, 0 2  is reduced to 0 2- and 
is bound to the semi conductor surface. At the same 
time, Ti02 , serving as support for both Pt and Ru02 , 
maintains the catalysts in a highly dispersed state. As 
before, Ti02  accepts electrons into its conduction band, 
the cross section of reaction is increased, and the rate 
of electron capture is enhanced over the systems where a 
polymer protects the Pt particles. It is estimated that 
1 g of TiOa* with a surf ace area of 2 0 0  m2  can absorb 
about 50 ml of 02 , assuming monolayer coverage by 02 . 
By this mechanism, solution 02  is kept very low. One 
study, over an initial photolysis period of 1 0 - 2 0  h, 
showed that the gas released from solution was pure 
hydrogen C44D. Under optimal conditions (water
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splitting depends on TiOz concentration, pH, and 
temperature), the quantum yield of H2  is k>V. at 75°C.
In the absence of an electron relay, Gratzel and 
co-workers reported direct electron injection into the 
semi-conductor, TiO= , by a by a surfactant—ruthenium 
complex shown below C291.
C H
An improvement in the system was achieved by chemical 
fixation of RuL^ (L = diisopropyl
2,2’-bipyridine-4,4,-dicarboxylate) at the surface of 
TiOss through formation of Ru-O-Ti bonds [303.
L
\ / '
Hydrogen production occurred both in the presence and
64
absence of a sacrificial donor. At pH 2, visible light 
photolysis of a solution containing RuLs and TiQ2  leads 
to a gradual loss of the free sensitizer accompanied by 
an intense coloration of the Ti02  particles. The 
solution spectrum indicates ligand loss has occurred. 
Binding of the chromophore is not by simple adsorption 
since repeated washings show no chromophore loss. The 
reflectance spectrum of the treated TiO=> particles shows 
features similar to cis-Ru(bpy)2 (H2 0 )2=** adsorbed onto 
hectorite. Therefore the active species was assigned to 
cis-RuL^52* chemically linked to the TiO= particles via 
two (or one) oxygen bridges. The reflectance spectrum 
exhibits a maximum at 480 nm with a tail extending 
beyond 600 nm. Even with photolysis > 590 nm hydrogen 
generation is still observed. If this process is 
attempted for tris <4,4* dicarboxy-2,2*-bipyridine)
ruthenium(II) dichloride, Ru(dcb)3^- (dcb=4,4*-
dicarboxy-2,2J'-bipyridine), then Ru(dcb)3^~ is simply 
adsorbed to the surface of Ti0=. [313. The supernatant 
spectrum indicates the disappearance of Ru(dcb)3^- . 
However, strikingly high efficiencies of charge 
injection (60 ± 10%) are observed. The rate constant
for electron injection is 3.2 x 10^ s- 1  from the
relationship k* .^,=0 / ^  (Tr_p= 1 9  ns)>
k i n j
*Ru (deb) 33- + ecb_ (Ti0z )  Ru(dcb)3*- (9)
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Recovery of conduction band electrons by Ru(deb) 
occurs with a rate constant of ke» *v 4 x 1055 s~l, which 
is typical for intraparticle back electron transfer 
processes:
kt,
Ru (deb) 33- + eCb" (Ti 03 )   -> Ru (deb) 3 “*- (10)
For comparison, Ru (bpy);**-*- adsorbed onto TiOz exhibits
kinj= 1.5 x 10s s~l and kto*v 4 x 10s s~*. If Ru (deb) 3 ^- 
is adsorbed onto a rough anatase electrode, the incident 
photon to current efficiency (*7 ) is an unprecented 442 
compared to 1.5% for Ru (bpy) 3 *-*- C31D. A related
complex, Ru(bpy)2 dcb, chemically attached to a Ti02  
electrode gives only 0= 0.25%.
In water splitting schemes, the greatest source of 
inefficiency is the back electron transfer. For a 
photodonor adsorbed on a wide-bandgap semiconductor, 
back electron transfer is governed by intraparticle 
dynamics and has a typical rate kt,= 4 x 10® s-1. In the 
case of the bifunctional catalyst, Pt and Ru02  must be 
active enough to prevent the back reaction of eq. 3 by 
producing hydrogen and oxygen respectively. Another 
successful strategy for limiting back electron transfer
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in eq. 3 has been to use micelles to affect local 
charge separation. When C ^ M V 35* in the presence of 
cationic micelles is reduced by sensitizers such as
Ru(bpy>3 2* or ZnTMpyP'*'*, then a 100-fold retardation of 
the back reaction is achieved C25-263.
Much can be learned about microscopic functional 
units suitable for water splitting by studying colloidal 
model systems such as micelles C45-473. Micelles or 
surfactant aggregates form spontaneously above a certain 
concentration called the critical micelle concentration 
(cmc). Detergent micelles are approximately spherical 
(*'*15-30 A radius) with polar head groups on the surface 
that protrude into the bulk acqueous phase and 
hydrocarbon taiIs that extend into the interior. 
Indeed, they may be described as an oi1 drop with an 
electrostatic mantle. Thus, the micellular core is 
apolar allowing solubilization of hydrophobic species. 
The electrostatic mantle of polar head groups and 
counterions gives rise to surface potentials that may 
exceed 100 mV C483. A microscopic barrier forms that 
retards the thermal back electron transfer at the 
charged water— 1 ipid interface comparable to the 
depletion or accumulation layer present at a 
semi conductor/electrolyte i nterface.
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The net efficiency of electron transfer (that is 
electron transfer minus back electron-transfer) can be 
observed in a system where one of the electron transfer 
products accummulates. If a photodonor, ie., 
Ru(bpy)®2*, is excited in the presence of the electron 
relay, MV2-*-, and the sacrificial donor, TEOA, then the 
MV* radical that accummulates is easily monitored at 610 
nm C321. In this study, we examine the function of 
photodonor charge in preventing back electron transfer 
in a system containing the surfactant acceptor, C i<s,MV2*, 
in cationic micelles. In contrast to Ru(bpy)33* a 
neutral photodonor will not be repelled by the positive 
surface potential of the micelle. However after 
donating its electron to the acceptor, the ruthenuim 
complex becomes positively charged and is driven back 
into the bulk solution where back electron transfer 
would be less likely.
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Experimental detaile 
Materials
MVClae and Ru(bpy)3 Cl=!'*' Mere purchased from Aldrich 
and used without further purification. Solvents were 
reagent grade or better.
Syntheses
Preparation of 4,4*-dimethyl-2,2*-bipyridine.C13D 
Seven hundred fifty ml 4-picoline were refluxed over 28 
g Pd/C for 3 days. Then 250 ml hot benzene was added to 
the reaction and refluxed as additional 1/2 hour. Hot 
filtration removed the Pd/C. Liquids were removed by
vacuum filtration until *'*300 ml were left. The
remaining liquid was kept overnight at 0°C. Suction 
filtration yielded 7.9 g colorless needles. The 
filtrate was concentrated to 50 ml by vacuum
distillation and left overnight at 0°C. Filtration 
yielded 5.7 g. Both fractions were identified as 
4,4'-dimethyl-2,2'-bipyridine by NMR. The fractions 
were combined (13.6 g) and sublimed. *H NMR (60 MHz,
CDC13 ); 52.42 (s, 6 H), 57.09 (d, 2H, J=4.5>, 68.21 (s,
2H), 68.50 (d, 2H, J=5.0>.
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Preparation of 4,4'-dicarboxy-2,2'-bipyridine.C133 
12 g (0.065 moles) 4,4*-dimethyl-2,2'-bipyridine and 
37.5 g KMnCU (0.24 moles) were heated to reflux in 420 
ml water for 12 hours. Fi1tration yielded MnO2  and
white needles which were washed with diethyl ether. 
Concentrated HC1 was added to the original fi1trate 
until no more of the white diacid precipitated. 5.2 g 
(.021 moles or 32%) diacid were recovered. The diacid 
was insoluble in al1 solvents. The filtrate was
extracted with diethyl ether. Ether phases were
combined and evaporated in vacuo yielding 7.1 g (0.037 
moles or 59%) white crystalline starting material.
CxseHizNzs lH NMR (60MHz, CDC13 ); 8 2.40 (s, 6 H),
S7.10 (d, 2H, J=5.0), 8 8.23 (s, 2H), 88.50 (d, 2H,
J=5.0); CiaHeNzCUs IR (KBr) 5 3450, 3100, 1960, 1700,
1600 cm-1.
Preparation of cis-Dichlorobia(blpyridine)-
ruthenium. The procedure that follows was used by
Whitten and co-workers and was not changed. C133 14.9 g 
(0.057 moles) ruthenium trichloride trihydrate and 17.8 
g (0.114 moles) 2,2'-bipyridine were refluxed with 495 
ml DMF for 3 hours. Then most of the DMF was removed by 
distillation and the reaction cooled to room 
temperature. 500 ml acetone were added to the remaining 
solution which was, then, stored overnight at 0°C. The
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solid was separated by -filtration and washed with cold 
water. 2500 ml 1:1 ethanol/water were added and 
refluxed for 1 hour. Insoluble solids were removed by 
filtration. 300 g Li01 were added and the ethanol was 
distilled off. The reaction was cooled to 0°C and
filtered yielding 23.8 g (0.049 moles, 8 6 % yield) of a
dark purple (almost black) precipitate.
Absorption spectrum (ethanol): 515 and 365 nm.
lH NMR (DMS0—d,s,) 57.08 (t, 2H) , 57.52 (d, 2H) , 57.70
(m, 4H), 58.10 (t, 2H), 58.52 (d, 2H), 58.68 (d, 2H),
S10.0 (d, 2H).
Preparation of Bis(bipyridine)-4,4’-dicarboxy-2,2 ’- 
blpyridinerutheni um. C13D 521 mg of cis-dich1orobis-
(bipyridine)ruthenium, 304 mg of 4,4’-dicarboxy- 
2,2*-bypyridine, and 304 mg of sodium bicarbonate were 
heated to reflux for 2 hours in 10 ml MeOH and 15 ml
water. Then 10 ml of 2M aqueous ammonium
hexafluorophosphate were added and the reaction mixture 
was cooled overnight. Filtration yielded red crystals. 
Absorption (in water) at 455 nm at pH 12 and at 420 and 
475 at pH 1.
Preparation of 1-methyl-4-< 4'-pyr i dy1)-pyr i di n i um 
iodide. C273 4.5 g (0.032 mole) methyl iodide was added 
dropwise to 7.5 g (0.04B mole) 4,4*-bipyridine in 40 ml
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acetonitrile and stirred -for 1 h, then re-fluxed for 1 / 2  
h and left stirring overnight. The solvent was 
evaporated in vacuo. The solid was vacuum dried and 
then placed into a Soxhlet extractor. Extraction with 
toluene for 3 1/4 days removed 4,4”-bipyridine, the
remaining solid was dried at 60°C (0.1mm Hg)for 1 h 
(yields 8.9 g, 94%). *H-NMR (60 MHz, d^-DMSO)s 5 4.43
(s), S 8.03 (dd, J=4.5 Hz), S 8.62 (d, J=7.0 Hz), 5 8.87 
(dd, J=4.5 Hz), 5 9.17 (d, J=7.0 Hz).
Preparation of 1-methyl-4-<4*-pyridy1>-pyridinium 
chloride. C273 8.9 g(0.03 mol) l-methyl-4-(4’-pyridyl)- 
pyridinium iodide were dissolved in 2 0 0  ml water and 
heated to 60°C. 4.6 g (0.015 mol) of silver sulfate was
added slowly with stirring. The solution was left 
stirring an additional 4 h at 60°C and then left to stir 
overnight at ambient temperature. Fi1tration removed 
the solid yellow Agl. 3.7 g (0.015 mol) BaCl2 -H2 0  were 
dissolved in water and added dropwise to the filtrate 
followed by stirring for 1 1/2 h. The water was
evaporated at reduced pressure and the solid product was 
dried at 0.1 mm Hg. Recrystallization with acetonitrile 
removed residual 1,1’-dimethyl-4,4*-bipyridinium
dichloride. The solid was dried in vacuo at 62°C/0.1 mm 
Hg (yields 3.9 g, 63%), mp 134-136°C. ‘H-NMR (60 MHz, 
D2 0), s 4.52 (s), S 7.90 (dd, J=5.0 Hz), 5 8.38 (d,
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J=7.O Hz), S 8.75 (dd, J=5.0 Hz), S 8.98 (d, J=7.0 Hz).
Preparation of 1-hexadecyl-l’-methyl-4,4'-bipyri- 
dinium dibromide. C273 3.9 g (0.02 mol) of
1—methyl-4-(4'-pyridinium) chloride and 8 . 8  ml (0.029 
mol) freshly distilled hexadecylbromide Mere dissolved 
in 60 ml of acetonitrile and kept at reflux. 4.4 ml 
(0.014 mol) hexadecylbromide Mere added after 30 h and 
again after 48 h. Recrystallization from Mater removed 
unreacted 1-methyl-4(4’-pyridinium) chloride yielding a 
yellOM solid, mp 273-274. *H-NMR (200 MHz, F3 CQ0H)s 5 
0.78 (t, 3H), S 1.17 (28H), S 4.31 (s, 3H), S 4.67 (t,
2H), S 8.40 (d, 2H, J=6.3 Hz), £ 8.47 (d, 2H, J=6.3 Hz), 
£ 8 . 8 8  (d, 2H, J=6 .3 Hz), £ 9.13 (d, 2H, J=6.3 Hz).
Photolysis
Photolysis Mas carried out at ambient temperature 
using a 150 W Xe/Hg lamp. A Bausch & Lomb grating 
monochromator (1200 groove/mm) isolated the 450 nm band. 
Samples consisted of 4 x 10_= m Ru(bpy)adcb, 10- 3  M
C ^ M V 2- or MV35-, 10-= M TEOA, and 0.1 M CTAC and Mere 
degassed by at least 3 freeze-pump-thaM cycles at less 
than 10 millitorr. A Cary 14 monitored the formation of
the Cie,MV- or MV- radical at 610 nm. Time intervals 
Mere measured Mith a Casio Melody Alarm Chronograph.
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Lifetimes
Fluorescence lifetimes were determined by the 
single photon counting method C513. Bimolecular 
quenching constants, k*,, were determined by Stern-Volmer 
analysis.
t/t0= 1 + K.VEQ3, (9)
where rD and r are the fluorescence lifetimes in the 
absence and presence of quencher and K.v is the Stern- 
Volmer constant
K.v= kqT0  (10).
The lifetime data were fit to eq. (9) by linear 
regression.
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Results and Discussion
Ru(bpy)2dcb <dcb=4,4 ”-dicarboxy-2,2 ”-bipyridi ne)
Mas chosen as the photodonor since it has an oxidation 
potential similar to Rutopyls35* and an overall neutral 
charge [493. This neutral charge results in negligible 
coulombic repulsion in the bimolecular quenching of its 
excited state by methyl viologen (Figure 2) C49-50D.
The electron transfer quenching of Ru(bpy)2dcb and 
Ru (bpy) at35-’' excited MLCT stats by various acceptors were 
evaluated in several solvents. Table I shows quenching 
rate constants for Ru(bpy)2dcb and Ru(bpy)3=* quenched
by MV22*, Ci^MV3*, and (C^)-aV28* in methanol (MeOH), 
ethanol (EtOH), Ha>0, and 0.1 M cetyl trimethylammoniurn 
chloride (CTAC). For the most part, k*, for Ru(bpy)2dcb 
is near the diffusion 1 imit and is greater than kq for 
Ru(bpy)3 =*. The increased kq value for the neutral 
photosensitizer is to be expected based upon the 
conventional Debye-Huckel-Bronsted relationship, which 
predicts a slope of 0 for Ru(bpy)2dcb in a plot of k*, 
vs. [493. Previous findings of a
small negative ionic strength dependence for the 
quenching of Ru(bpy)2dcb by methyl viologen have been 
attributed to the complexes” highly dipolar nature 
[49-503. The exceptions are for the quencher C iaMV22* in 
ethanol and in 0.1 M CTAC. The kq value for Ru(bpy)
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Figure 2. The neutral photodonor, Ru<bpy)2 dcb, 
results in negligible coulombic repulsion 
in the bimolecular quenching of its 
excited state. Following electron 
transfer Ru(bpy)2 dcb* is repelled away 
from the positive electrostatic micellar 
field.
(bpy)2
■ +
N 'w w w w w w w
Nj
0*
Table I. Bimolecular Quenching Constants of Photosensi­
tizer Emission Quenched by Viologen Acceptors
Ru (bpy) 32'’-
ethanol
water
0.1 M CTAC 
Ru(bpy)deb
methanol
ethanol
water
0.1 M CTAC
k„xl0_** (M-* s-»)
C^MV35- (C„)2V ^
3.8 6 . 8
0.61 1.4 0.63
1.6 1.3 1.2
3.1
6.3 6.3
2.6 3.3 3.3
2.2 1.0 2.1
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quenched by C ie>MV3- in 0.1 M CTAC was found to be 
1.3x10*” compared to a literature value of only 2.8x10° 
C253. The quenching constant, kq, for the quencher
with 2 short chains, (CA ) i s  somewhat higher for 
Ru(bpy)2dcb than for Ru (bpy) 3 s5-. For Ru(bpy)=>dcb 
quenched by MV2~ in water, our value of 2 .6 x 1 0 *” M~l s-i 
is in good agreement with the value of 1.91x10*” M - 1  s - 1  
reported by Seddon and co-workers C493. Our value for
Ru(bpy)32+ quenched by in water (6.1x10° M-a s~a)
compares nicely to one previous report (5x10° s-x)
[323, but is somewhat higher than two other reports*
2.8x10° M- 1  s~ 1 [493, and 2x10° M-a s- 1  [263. Brugger
et al. have also reported a lower value for Ru (bpy) s2"*" 
quenched by C X<S,MV=* in water (6 .7 x 1 0 ° M“a s~l) [253.
Next, since the ultimate goal is a cyclic micellar 
system for hydrogen production, the sacrificial donor 
TE0A was included in the solutions. Figure 3 shows the 
results of photolysis of 5 samples of Ru(bpy)2dcb and 
Ci&MV2* in 0.1 M CTAC with variable concentrations of 
TE0A. Photolysis of Ru(bpy)sdcb in the presence of TE0A 
increases the production of C X<S,MV*. Since the 
concentration of Ru(bpy)zdcb is only 4x10“® M and 
0=0.039 in water, the TE0A concentrations are far in 
excess of the concentrations of excited species. 
(Assuming €=11,500 M - 1  cm-1, the highest concentration
Figure 3. Formation of C iaMV* by irradiation of
Ru(bpy)sdcb in 0.1 M CTAC with variable 
concentrations of TEOA.
#  - 2.5x10“* M TEOA
O  - 5.0x10“* M TEOA
^  - 1.0x10-* M TEOA
A  “ 5.0x10-* M TEOA
■  - 1.0x10-= M TEOA
(6IOnm)
MINS IRRADIATION (450 nm)
GO
O
CM
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of C i aMV-” is 6x 10“=* M.) Because the lowest 
concentration of TEOA used is sufficient to regenerate 
all of the excited photodonor, the increased production 
of C»a MV+ at higher concentrations of TEOA suggests that 
it is involved in the reduction of C j.a MV3'*' as well. 
This is in agreement with the conclusions of Gratzel and 
co-workers as discussed previously C321.
Our quenching studies showed that both neutral and 
charged photodonors transfer electrons to an acceptor 
partitioned into micelles at nearly the diffusion-
controlled rate. In order to see whether back electron 
transfer is retarded in this system, we compared the 
rate of production of Cx&MV'*' in micelles and in water. 
For the Ru(bpy)zdcb/C1<:>MV=*/TEOA system, Figure 4 shows 
that there is about 10-fold enhancement of CxcMV*-
formation in cationic micelle solution compared to 
water. The rate of formation of C xaMV-*- in micelles is 
3.80x10“'* ± 1.01x10““* M“ x s“ 1 while in water it is
3.28x10“* ± 1.23x10“* M-1 s“ l. In both cases the
concentration of was below its cmc (A^xlO-* M).
Since Ru(bpy>zdcb is able to reduce CxcMVz“ in both 
cationic micelles or in bulk solution, the enhancement 
of Ci<±>MV'*_ formation must reflect retardation of the back
Figure 4. Formation of Ci^MV- by irradiation 
Ru(bpy)3dcb with 10“== M TEOA 
open symbols - in water 
closed symbols — in 0.1 M CTAC
-I-------------------------------- 1-------------------------- 1______________________I__________________1__________________ L
2 4 6 8 10
MINS IRRADIATION (450 nm)
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electron transfer. This results from electrostatic 
effects when Ru(bpy)2dcb is oxidized becoming positively 
charged. In the presence of positively charged CTAC 
micelles, Ru(bpy)2dcb* should be repelled into the bulk 
aqueous phase since the surface potential of CTAC is at 
least +100 mV C4BD. This would retard the energy 
wasting back electron transfer of reaction (5). 
Although Figure 4 seems to support such a model, it is 
not conclusive evidence for this mechanism. Brugger
and Sratzel have shown a similar retardation in back 
electron transfer for the reduction of CudlV3- by
Ru(bpy>32- in 0.02 M CTAC C26D. Using laser photolysis, 
they found no systematic change in the rate of Cn»MV~ 
formation as the CTAC concentration passed through the 
cmc. In fact cationic micelles didn't affect the 
kinetics of the reduction of Cx^MVz* by Ru(bpy)32-. 
Such a finding is not compatible with the formation of 
mixed Cj.^MV^'VCTAC micelles, which should produce a 
pronounced decrease of the reaction rate due to 
coulombic repulsion of Ru(bpy)sz- from the surface of
the aggregates. This anomally can be explained by
assuming that the bipyridinium head group of the
viologen is so hydrophi1ic that its reduction takes 
place in bulk aqueous solution despite the long 
tetradecyl chain. However, the rate constant for the 
back reaction is at least 100-fold smaller in micellar
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solution than in water. If the reduction product C X*MV'*‘ 
were sufficiently hydrophobic, it could be immediately 
entrapped into CTAC and the back reaction could be 
blocked by the strongly repulsive interactions of 
Ru (bpy) s3"*" with the cationic aggregates. Brugger et al. 
have investigated a series of surfactant viologens for 
their reactivity with RuCbpy);*®- in the presence and 
absence of CTAC £253. They concluded that CazMV38- is so 
hydrophi1ic that it exists only in the aqueous phase and 
that only a minor fraction of Ca^MV3"*- associates with 
CTAC micelles. CacliV** has a higher affinity for the 
micel lar phase. CaeMV3"*' is almost completely 
comicel1ized and there is no photoreaction (kq^O) in 
CTAC. Ca^.MV35-*' is thought to react with Ru(bpy)3z-*- by 
the same mechani sm as Ca^MV38'*'. However, because some 
Ca«s»MV=:‘*' resides in the micellar phase and cannot react 
with Ru(bpy)s:2‘*’, the rate of the photoreaction is 
somewhat inhibited under their experimental conditions 
(0.02 M CTAC). Since CacMV38'*' may exist as monomers as 
well as mixed Ca<sMV3*/CTAC micelles, the experiments 
represented in Figure 4 cannot delineate whether 
Ru (bpy) 2dcb is reacting with monomeric Ca^MV12^  or 
micel lar Ca^MV38-*". Further experiments are needed to 
elucidate the mechanism for the enhanced production of 
Ca^MS/2- by Ru (bpy) zdcb in the presence of TEOA. 
Conclusive evidence that Ru(bpy)2dcb does react with
86
surfactant viologens in the micellar phase could be 
obtained by using C roMV3- as the acceptor. Such a 
■finding would add a new dimension to the design of 
water— splitting devices: photodonor charge should be 
fine-tuned along with the hydrophi1ic-1ipophi1ic 
properties of the electron relay to decrease back 
electron transfer in such devices.
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T h e  c x u lc d - iU ic  properties o f  several polypyrid inc ru then ium  com p lexes have been  ex a m in ed . T h e  com p lexes  w ere selec ted  
o n  th e  b a sis  o f  th e  en er g y  o f  th eir  lo w -ly in g  n te ta l- lo -lig a n d  c h a rg c -lra n sfer  (M L C T )  s ta le . T h e  d ep en d e n c e o f  rad ia tive  
and  rad ia tion lcss rates o n  th e  en ergy  o f  th is ex c ited  s ta le  is d isc u sse d . A lso , th e  am ou n t o f  m e ta l to  so lven t ch a rg e  transfer  
in  this low est sta te  is show n to  be independent o f  th e sla te 's  energy. F inally , th e increase in th e activation  energy for po|Hjlutiun 
o f  a h ig h er  ex c ited  lig a n d  fie ld  s t a le  w a s d ir ec tly  co r re la ted  w ith  th e  d e c r e a se  in  th e  M L C T  s la te 's  en erg y .
Introduction
In recent years, the photochem istry and  photophysics of 
polypyridinc Ru complexes have been extensively exam ined.1 
In large part this interest stems from the potential use of these 
complexes in the photochemical decomposition o f water. The 
lowest absorption band (usually around 450 nm) has been 
assigned to a metal-to-ligand chargc-transfer (M L C T ) tran- 
»ition.2' l> It has been suggested that the initially formed stale 
has largely a singlet multiplicity and undergoes very rapid 
inlcrsystcm crossing to the corresponding s tate  having largely 
a triplet cluiractcr. The quantum  yield for this spin conversion 
in Ru(bpy)]2* (bpy “  bipyridine) has been evaluated as unity.1*
The triplet M L C T  sla te  undergoes radiative decay with a 
reasonable quantum  yield in the region of 600 nm. The 
lifetime associated with this emission is approxim ately I ps. 
Interestingly, numerous studies indicate th a t there is a sym ­
metry reduction in the 1M LC T slate so that it is best described 
as (bpy^R u^Ibpy)”.15' 17 Furthermore, the emission intensity 
and lifetime s!)Ow a large solvent isotope effect in H jO /D jO .11 
This led Van H outcn and W atts to suggest that this lum i­
nescent s ta le  has some m etal to solvent chargc-lransfer 
(M SC T ) character.
The lcni|)crolure dependence o f the luminescence has con­
tributed greatly to a further understanding of the photophysics 
of these complexes. At very low tem peratures (< 77  K), the
(1 ) The literature o f tlus fe id is  indeed very rich with many more important 
oMKribut iw a  than can  be ib*ed. T he interested reader should refer to 
she foOowisg reviews: Scddon, K. R . Coord. Chem . Rev. 1 9 8 2 ,4 / ,  79. 
Kalyanasundarau, K. Ibid. 1982, 41, 199. Ford, P. C. R ev. Chem. 
Inierm ed. 1979, 2, 267. Batum i. V.; Boletta, F.; Gandolfi, M. T.; 
M aestri, M. Top. Cure. Chem. 1978, 7 5 ,1. M eyer, T . J. Aec. Chem. 
Res. 1978, I I ,  94. Cosby. G. A . Ibid. 1975. ff. 231.
(2 ) Porter, G . B.; Schlafcr, II. L. Ber. Bunsenges, Rhys. Chem. 1 9 6 4 ,66, 
316.
(3 ) Crosby, G . A.; Perkins, W . G.; K taucn, D. M . J . Chem. Fhys. 1965, 
43. 1498.
(4 ) K lin e n , D. M.; Crosby, G . A . J. Chem. Fhys. 1968, 46, 1833.
(5 ) Lytic, F. E.; Hercules, D. M . J . Am . Chem. S oc. 1969, 91, 253.
(6 ) Ifarrijan, R. W.; Hager. G. D.; Crosby, G. A . Chem. Fhys. Lett. 1973, 
21, 487.
(7 ) Baker. D. C.; Crosby. G . A . Chem. Fhys. 1974, 4, 428.
(I )  Harrigan, R. W.; Crosby, G. A . J. Chem. Fhys. 1 9 7 3 .59 . 3468.
(9) Hager. G . D.; Crosby. G . A. J. A m . Chem. Sue. 1975, 97, 7031.
(10) I lager, G. D.; W atts, R. 3.; Crosby, G. A . J. A m . Chem. Soc. 1975, 97, 
7037.
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T a b ic  1. E m ission  M axim a, Q uan tu m  Y ield s , and L ifetim es  
fo r  R u th en iu m  C o m p le x e s
i^h«x> DgO/
cu m p d  so lven t nm  0*1 jjs M ,O c
1 1 1 ,0 6 2 7 0 .0 5 3 0 .6 3 1.7
1 3 ,0 6 2 7 0 .0 9 5 1.07
II 1 1 ,0 6 5 9 0 .0 3 9 0 .6 2 2 .2
I ) , 0 6 5 9 0 .0 8 4 I 4 2
III I lC l/lt  , 0 6 8 6 0 .0 0 6 0 .2 9 1.9
D C V D ,0 6 8 6 0 .0 1 2 0 5 0
** I in  C lI jC N  w as th e  referen ce. * * 3 0 V .  r Iso to p e  e f fe c t;  
average based  o n  llu o r csce n e e life t im e  and q uan tu m  y ie ld  m ea­
surem ents.
observed tem perature dependence o f  the phosphorescence 
lifetime is best described by a three-state model.1 That is, the 
luminescent state is actually composed of three closely spaced 
stales that have widely different lifetimes.
A t higher tem peratures, all o f these closely spaced states 
are populated, and they can be thought o f us an average state. 
The luminescence from this overage triplet state  displays an 
additional tem perature dependence in the range o f 273-373 
K.,W I This behavior has led to the postulate that another 
excited state  is approxim ately 3600 cm ’1 above the em itting 
s ta te  and that this s ta le  can be therm ally populated during 
the lifetim e o f the 3M L C T  state. These conclusions are de­
picted in Figure 1. T he facts that this therm ally populated 
sta te  is nonlumincscent, rapidly decays to the ground state, 
and results in a photosubslilution reaction indicate that its 
identity is most likely a ligand field (L F) excited sta le .” * 22
On the o ther hand, Fasano and H oggard have recently 
studied the quenching o f both emission and photosubsiitution 
by ferrocene.25 Both Scrn-Volm cr plots were linear but with 
different slopes. These authors concluded that two excited 
stales a re  involved but they a re  not in therm al equilibrium .
In order to guin further insight into the excited-state be­
havior o f these complexes, the pholophysics of several closely 
related complexes has been exam ined. The complexes were 
selected on the basis o f the expected change in the energy of 
the M LC T stale. In particular, the energy o f this s la te  has 
been systematically lowered and the effect on the cxcilcd-siate 
properties determ ined. The results strongly suggest that llie 
two excited sluics (M L C T  and LF) are indeed in therm al 
equilibrium .
(18) Van iiuu tco , J.; W alls, R. J. J. A m . Chem. Soe. 1975, 97, 3843.
(19 ) Van Houten. J.; W ain . R. J. J. Am . Chem. Soe. 1976, 98, 4853.
(20 ) Van Iloulcn , J4 W alla. R. J. inorg. Chem. 1978. 17, 3381.
(21) Allaupp, S . R.; C ox, A.; Kemp. T. J.; Rect), W. J. J. Chem. Sue.,
fa ro d u y  Trans. I , 1978, 1275.
(22) Durham, B.; Caapar. J. V.; N agle, J. K.; Meyer, T. J. J. Am. Chem  
Sue. 1982, 104. 4803.
(23) Faaanu. R.; Huggard. P. K. Inurg. Chem. 1983, 22, 366.
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Figure 1 . E x cited -sta te  processes occurring in polypyrid inc ruthenium  
co m p lex e s .
Experim ental Secllon
M a te r ia ls . |R u (b p y ) jJ C I2 w a s  d o n a ted  b y  P ro fesso r  J . S e lb in  or  
th is departm ent. T h e  rem aining com plexes w e re  prepared a s  described  
b y  S pr in tschn ik  e l  at.34 T h e  absorption  spectra  in neutral and acid ic  
H ]O  a s  w e ll a s  th e  e le m e n ta l a n a ly s is  (G a lb r a ith  L ab o ra to ries. 
K n o x v ille , T N )  a g re ed  w ith  th e  liter a tu re .
A ll sa m p les  w ere  fresh ly  prepared  th e  d a y  o f  th eir  use. T y p ica lly , 
a  3 -m L  sa m p le  o f  th e  co m p le x  ( ~ S  X  10*’ M )  w a s  d eg a ssed  b y  a t  
le a st  four fr e e z e /p u m p /th a w  c y c le s  ( I  X  I 0 H  lo rr ) and  th en  se a le d  
in  a  q u a r tz  c u v e t te . F or th e  a c id ic  so lu t io n s , th e  sa m p le s  w e r e  first 
b ub bled  w ith  MCI o r  D C ! for  sev e ra l m in u tes  an d  th en  d eg a ssed .
S p e c tr a . A l l  a b so rp tio n  sp ectra  w e r e  recorded  on  e ith er  a  C a r y  
14 o r  15 sp ectro m e ter . A ll  e m issio n  sp ectra  w e r e  recorded  o n  an  
A m m co -B o w m n a  sp eclro fluorom eter. For th e flu orescen ce q uantum  
y ie ld  d ete rm in a tio n s , th e  sta n d a rd  w a s  [R u (b p y )j ] C lj  in  C H jC N .  
T h e  a b so lu te  flu orescen ce q u an tu m  yield  for th is referen ce w as taken  
a s  0 .0 6 2 .”
IJ fr tim e  M e a su r em e n ts . A l l  l ife t im e s  w e r e  d e te rm in ed  b y th e  
x in g le -p h o to n  c o u n tin g  m e th o d .”  T h e  te m p era tu r e  or th e  sa m p le  
w a s v aried  b y  c ir c u la t in g  a w a te r /e th y le n e  g ly c o l m ix tu r e  th rough  
a  lo c a lly  co n str u c ted  c e ll  h o ld er . T h e  te m p era tu r e  w a s  m a in ta in e d  
to  w ith in  O.S * C
Results
T he uncorrected fluorescence spectra for I - I I I  a re  shown
l b p y ) 2 Ru.^
I . X o M
II, X =  C O t *
III, X * 0 0 , 1 1
in Figure 2. T h e  emission m axim a nnd quantum  yields are 
listed in Table I. The results for I a re  somewhat higher than 
those o f V an Vlouten and W atts.11*'* These authors report 
quantum  yield values o f 0.042 and 0.063 and lifetimes o f 0.58 
and 0.97 #ts for I in H 20  and D}0 ,  respectively. However, 
Xu and Porter have reported a value o f 0.65 ps for (he lifetime 
o f 1 in H iO .2’ Despite higher quantum  yields and lifetimes 
than Van Houten and W alts, the present value for the isotope 
effect is identical with that reported by these authors.11*" 
T he quantum  yields and lifetimes for II and III a re  also 
reported in Table I. Prolonation (or deuteration) has a sub­
stan tial effect on both r  and decreasing both by a factor
(2 4 ) Sptinlschnlk, G.; Sprlnlichnik, II. W.; K lnh , P. P.; W hitten, D. G . J. 
A m . C h tm . S oc. 1977. 99, 4947.
(25 ) Calvert, J. M .; Caspar, J. V.; Birutead. R . A.*. Weetmoreland, T . D.; 
M eyer. T. J. / .  A m . Chem. S oc. 1982. 104, 6620.
(2 6 ) W are, W . In "Creation and Detection o f  the Excited State*; Lamola, 
A. A .. Ed.; Marcel Dekkcr. N ew  York. 1971; p 213.
(27 ) X u. J.-O.; Porter. G . B. Can. J . Chem. 1982, 60, 2856.
0.8
0.6
0 .4
0.2
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X  (nm)
F igure 2 . U n co r rec ted  em issio n  sp ecr a  for  (a )  I, (b )  I f .  and  ( c )  H I.
T a b le  II. P h o sp h o re scen ce  L ife tim e s  as a F u n c tio n  
o fT r m p e r a tu r e s
r . ' c
life t im e , ns
t
( 0 , 0 )
It
(1 1 ,0 )
11
( D , 0 )
III
(1 1 ,0 )
III
(D .O )
t o IS  16 6 3 6 15 0 3 3 1 8 6 45
2 0 1 392 6 3 6 1427 2 9 9 5 7 2
3 0 1 0 6 6 6 t 2 138 7 2 9 2 5 0 3
4 0 9 0 7 S 9 4 1 3 4 4 2 7 7 4 53
SO 6SS 5 8 1 127 8 2 5 7 4 2 6
6 0 5 1 3 5 7 2 116 7 2 5 0 385
7 0 3 3 2 5 5 4 113 2 2 3 0 35 5
8 0 2 4 0 5 1 4 10 3 3 2 2 3 3 27
9 0 167 4 7 9 8 7 0 221 306
T able III. P h o lo p h y s lc il  R a te  C o n sta n ts  fo r
R u th en iu m  C o m p lex e s
1 0 ’ X I 0 "  X A/T,
k ,r k ,q  k ,q c m '1 r e f
0 .6 9 1 .2 2 1 X 1 0 " 3 5 5 9 19
U 7 ” 1 .7  X 1 0 " 3 6 7 3 21
0 .8 9 0 .2 3 1 X 1 0 " 3 6 0 3 a
0 .6 9 0 .5 7 1 X 1 0 " 2 5 6 8 19
0 .6 3 1 .54 I X 1 0 " 4 2 3 0 a
0 .5 9 0 .6 5 1 X 1 0 ” 4 2 2 7 a
0 .2 1 3 .4 3 c 31(7* a
0 .2 4 l .9 B c 6 3 0 rt a
1(11,0)
I ( D , 0 )
I dl.O)
H (D .O )
III (1 1 ,0 )
i l l  ( D , 0 )
•  T il l ,  w ork. * * „  + * ,„ ,  ' A t  3 0 ’ C . *  II v , lu l l e d  b y  usln a  
th e u sua lly  A r ih e n lw  eq u a tio n .
of nearly 2. There a re  no significant differences in the isotope 
effects for I - III .
The emission quantum yield nnd lifetime o f R u(bpy),1* have 
been reported to be very tem perature dependent.1 11 In 
agreem ent with these reports, we find a  strong tem perature 
dependence Tor this lifetime (Tabic II). Similarly, the results 
o f Table II also show a dependence for the lifetim es of both 
II and III. Previously, this tem perature dependence has been 
analysed within the framework of two closely spneed excited 
stales (F igure 1). T he observed tem peratu re  dependence is 
then related to thermal population o f the higher excited s la te .; 
Allsopp e t al. have shown that an additional activation energy 
m ust be included in order to accom m odate the tem perature 
range o f 178-370  K.11 However, reasonable results are ob­
tained in the 273-370  K tem perature range by the  simpler
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7.70 210  2 * 0  3 00 310 3 70 3 30 340 3 30 3 * 0
I / I  1-10*1
F igure 3 .  A r rh en iu s  p lo ts  for  (a )  I (in  D 20 )  a n d  ( b )  111 ( in  I I jO ) .  
T h e  so lid  tin es a r e 'e ith e r  n on lin ear o r  lin e a r  le u s w q u a r e s  fit o f  th e  
ex p er im en ta l d a ta .
model involving a single activation energy. Consequently, the 
luminescence da ta  huvc been fitted to cq I, where the syuv
=  *t. +  *11 +  k lHc - W "  (I)
bolism o f Vun I loutcn und W alls has been used and is depicted 
in Figure I . Also, the value o f k j ,  has been fixed as I x  1013 
s"1, in agreem ent willi previous results.11' 31,31 T he results for 
II in both D ]0  and H 20  were also fitted to eq I, with the 
values for A £  being identical in both cases (Table III). The 
error in these values is less than 100 c m '1.
In contrast to I and II, 111 displayed norm al A rrhenius 
behavior as shown in Figure 3. T he activation energies ob­
served were very small ( < I kcal/m ol). Also contrary  to the 
behavior o f  I and II, the m easured activation energy For III 
is different in H jO + and DjO*.
Discussion
There a re  some m ajor differences in the pholophysical 
properties o f I - I I I .  A t first sight, little  rationale for this 
behavior seems Apparent. However, much o f  the data  cun be 
explained by the model presented in Figure I and the fact that 
the energy o f the 3M LC T varies in an orderly fashion for I-III. 
On the basis o f their emission m axim a, the energies o f the 
3M L C T  slate  for I - I I I  a re  15949, 15 175. and 14 575 c m '1, 
respectively.
As can be seem from Table  III, k ,,  decreases and A,, in­
creases as the energy o f the em itting sta te  decreases, the 
decrease in It w is due to its dependence on v3. This well-known 
dependence has been predicted theoretically and realized ex­
perimentally.3* T he  increase in A,, is expected dut to its 
dependence upon the energy gap between the initial stale 
(3M LC T) and final (ground) sla te .3* C aspar et ul. have 
demonstrated a logarithmic relationship between and this 
energy gap for a series o f polypyridine Os complexes.3’
There is a large isotope effect on the phosphorescence or
I-III  (Tublcs I und III). T he values for k u  arc, within ex­
perimental error, independent o f solvent deuleration. Fur­
thermore, the decay due to thermal population o f the L F  slate 
is the sam e in both H jO  and D20 .  Consequently, tile deu­
terium isotope effect is caused exclusively by a  change in k <v 
Previously, this has been ascribed to a substantial contribution 
of a M SC T configuration to the em itting  s ta te .1*-1* In fact, 
by evaluating k . ,  for I in different solvents, N aknm uru was 
able to estimate tnc relative proportions o f M LC T and M SCT 
in the em itting sla te .30 For w ater, there is approxim ately a 
one-to-one adm ixture of these two states. T he similarities of
(21) For an c icc llcn l review o f radiative rale co n su n ti tcc: Turru, N . J.; 
"Modern M olecular I’hotocltetuuiry”; Bcnjam in/C um m ingi: Menlo 
Park, C A . 1971; Chapter 5.
(29) Catpar, J. V.; Sullivan, B. P.; Kokcr, E. M.; Meyer, T. J . Chem. Fhys.
Lett. 1982, 9 / ,  91; J. A m . Chem. Sue. 1 9 8 2 .104, 630.
UO) Nakamuru. K. Hull. Chem. Soc. Jpn. 1982, S i,  1639.
the isotope effect in I-III  suggest that the am ount o f M SC T 
is also approxim ately 50% for II and III. T his conclusion is 
surprising since the energy o f the MLCT configuration is 
system atically lower in II and III so that the M I.C'T contri­
bution to the overall wave function uf the emitting state should 
increase. This increase in MLCr character implies a smaller 
isotope effect. F urther experim ents designed to clarify this 
discrepancy are  currently  under way.
Above 273 K, a substantial fraction of excited I is dissipated 
through thermal population o f the LF state  followed by rapid 
deactivulion to the ground state. T he activation energy for 
this process is simply the energy difference between the 
3M L C T  and L F  states. In I - III . the L F  state  is expected to 
be energetically unchanged. O n the other hand, the 3M t.C T  
state's energy should decrease as the bipyridine ligand becomes 
a belter acceptor. This is borne out by the emission spectra 
for I - I I I  that show a system atic red shift. The stabilization 
of the 3M I.C T  state should increase the activation energy for 
population o f  the L F  stale. The results o fT a b le  III clearly 
show that this is indeed the case for II. The red shift in the 
emission is 774 cm '1 while the increase in the activation energy 
is 627 c m '1. The agreem ent between these two values is 
reasonable considering the difficulty in determ ining the ac­
tivation energy.
For III, the tem perature dependence o f the lifetime no 
longer requires eq I but ra ther displays the usual Arrhenius 
behavior. This can be traced to both the increase in the ac­
tivation energy for the population of the  L F  s la te  and the 
increase in k , ,  upon protonation. Thu activation energy should 
increase by approximately 1 2 0 0 c m '1 relative to I. W ith this 
activation energy, the observed decay ra te  due to thermal 
population o f the L F  slate  a l 373 K can be estim ated as 8 X 
10* s '1. A t this sam e tem perature, the first two terms in eq 
I are approxim ately 4.5 x  10* s '1 so that the second term  in 
eq I , i.e. decay via the LF s tale, represents only a 2% change 
>n A,ip<|. Hence, population o f  the 1.F stale  does not signifi­
cantly com pete with the direct (m ostly) nouradiative decay 
o f the 3M L C T  state.
There is a  small activation energy measured for III that is 
dependent on the deuleration of w ater. This might be asso­
ciated with thermal population o f the three closely spaced levels 
o f the 3M L C T  sla te . H arrigan  and Crosby have measured 
several polypyridinc Ru complexes and found these states to 
all be within 80 c tn '1 o f each other.* Allsopp cl al. have 
confirm ed this result.31 The observed activation energies in 
111 are  all much larger (300-600  c m '1) as well us solvent 
dependent. These facts suggest that the nonradiative decay 
o f 3M LC T ( k lq )  may have a small activation energy associated 
with it.
Summary
7'lic pholophysical properties of severul polypyridinc Ru 
complexes have been studied. These complexes were selected 
on the basis o f the systematic red shift of their 3M LCT state. 
The radiative ra te  constant was shown to decrease as the 
energy gap between the em itting s la te  und ground state  de­
creased. In agreem ent with Caspar et al.,3’ the nonrudiutive 
decay front the 3M L C T  stale  to the ground s ta te  was found 
to  increase as this sam e energy gap decreased. T he nonra­
diative rale constant for all complexes exhibited a large solvent 
isotope effect. The similarity o f these isotope effects indicates 
that the amount o f M SC T  character in the lowest state is the 
same for I - III .
One m ajor decay pathw ay for the 3M L C T  slate  of I Inis 
been postulated to be therm al population o f  a higher ligand 
field slate from which photosubslitution und efficient nonra­
diative decay cun occur. However, recent quenching Uutu 
suggest that these two slulcs are not in Ihcrmul equilibrium. 
The pholophysical behuvior o f I-III is clearly consistent with
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these two stales being in (hernial equilibrium . Indeed, (he 
stabilization o f (he JM LC T sla te  resulted in an  equivalent 
increase in the activation energy for population o f the l .F  slate.
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Selective Perturbation of Ligand Field Excited States in 
Polypyridine R uthenium (II) Complexes
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Abstract: A new bipyridine-lype ligand which allows the selective perturbation of ligand field (LF) excited-stale energies 
is introduced. Any metal-to-ligand charge-transfer (M LCT) excited stales occur at nearly the same energy as in the bipyridine 
complex. The syntheses of the corresponding rulhenium(U) complexes and their photophysical properties are reported. The 
results dearly  support a current model for the excited-state behavior o f polypyridine complexes in which the lowest M I.CT 
decays by thermal population of a higher lying LF stale. This method of selective LF-slate perturbation nicely complements 
the perturbation o f M LCT states achieved by modification o f the ligand's reduction potential.
T h e  field o f inorganic and organom etnllic photochem istry has 
grown explosively w ithin th e  last decade.1 Several general 
principles governing photophysical and photochem ical behavior 
have begun to em erge. For exam ple, most pholoextrusion pro­
cesses apparently originate from a ligand field (L F ) excited state. 
A decisive tool that has aided in the elucidation o f these principles 
has been the selective perturbation  o f m ctnl-to-lignnd cltarge- 
Iransfer (M L C T ) excited s la tes .5 This approach has been es­
pecially useful in the investigation o f pyridine and  polypyridine 
metal complexes. By systematically varying the reduction potential 
o f the pyridine ligand with para substituents. Ford and co-workers 
modified the identity o f (he lowest excited stale  in R u (N H 3)3py,<' 
(py •» para-substitu ted  pyridine).1 W hen the substituent was 
electron donating, the lowest excited states had m ainly L F  
character and pholosubslilulion was efficient. On the other hand, 
when the substituent was an acceptor, (he lowest excited state had 
mainly M LC T character and the photosubstitution efficiency was 
greatly  decreased.
W e now wish Iq report a convenient m ethod for selectively 
perturb ing the  energy of L F  sla tes  w hile leaving M L C T  states 
nearly  unchanged. T his m ethod is based upon the 4,5-dia7.afl- 
uorene ligand ( I ) .  T he m ethylene bridge in I distorts the  bi-
■
I
pyridine portion o f the molecule so as to reduce the nilrogcn-meta! 
overlap. H ence, 1 is effectively lower than  bpy in the  spectro- 
chemical series which translates into an energetic lowering o r any 
L F  states. O n the o ther hand, the reduction potentials o f  both 
1 and bpy should be sim ilar so th a t any changes in the  energy 
o f  M L C T  stales a re  expected to be modest.
The system chosen to illustrate the utility o f  this approach was 
U u (b p y ),( l)3. , .  T he pholophyxics o f the parent, Ru(l>py)j! \  is 
well-known, and the pertinent details are shown in Figure I. An 
initially formed singlet M L C T  s la te  undergoes very rapid in ter­
system crossing to the corresponding triplet slatd. This JM L C T  
sla te  has been extensively studied and has been shown to be 
composed o f a t  least Ihree closely spaced states  with widely 
different lifetimes.'1 However, a t or above 77 K, a ll three slates
(1 )  G eo ffre y . G . L.: W rlgh lon , M . S . "O rganom ctallic Photochem istry"; 
A ca d em ic Press: N e w  Y ork, 1979. A d am son , A . W .; F lciich aucr, P. D. 
‘ C oncept* o f  Inorganic C hem istry"; W ilcy -ln ter ic icn cc: N e w  Y ork, 1975. 
J . C h em . E d u c . 19*3 , SO, 784-R 87 .
(2 )  S u c h  an approach ha* been ex ten sive ly  u tilised . R eferen ce I review* 
m any o f  (h u e  studies.
( 3 )  T fou n li. E.; Pord, P . C . /nor* . C h rm . I9S 0 . 19, 72. Ford, P. C . R m .  
C hem . in e rm e it. 1979, 7 . 2 6 7 . M aloiif, G .; Ford, P. C . J . A m . C h rm . S ix .  
1977 , 9 9 . 7 2 1 3 . M alou f, 0 . ;  Ford, P . C . Ib id .  1974 , 9(f, « 0 t .
(4 )  For a review  w ith  m any o f  the im portant references see: W alts, R . J. 
J . C h rm . F.dur. 19*3. SO. *34 .
0 0 0 2 -7 8 6 3 /8 4 /1506-5876501.5 0 /0
a re  essentially equally populated, and hence, this s ta te  mny be 
considered an  “average state".
Besides the processes o f radiative find radialionlcss decay, a 
third, thermally activated process mny deactivale this triplet state." 
By evaluating e ither the  lum inescent lifetim e or quan tum  yield 
as a function o f tem perature, (he activation energy for this process 
w as determ ined to be 3600 cm "’.* T he  facl (hat this therm ally 
populated s ta te  is nonlum inescent, rapidly decays to the ground 
s ta te , and results in a photosubstitution reaction indicates that 
its identity  is most likely an  L F  excited sla te .’ T he  proxim ity 
o f these two excited states makes this system ideal for examining 
any  effects induced by the  substitu tion  o r 1 for bpy.
Experim ental Section
General. Melting points were determined on a Mel-Temp melting 
point apparatus and are uncnrrectcd. Elemental analyses were performed 
by Micro-Anal Co., Tuscson, Ax. The NMR spectra were recorded on 
either a Brukcr WP200 or Varisn A-60A ipectrometcr. Mas* spectra 
were obtained on a Vartan GC-Mau Spec HPJ985A spectrometer. The 
IR spectra were recorded on a Perkin-Elmer Model 727* or 621 spec­
trometer. Absorption spectra were recorded on a Cary 14 spectrometer. 
The emission spectra were recorded with nn SLM 4800S spectrometer 
and were corrected for photomultiplier response. All solvents were pu­
rified by standard procedures.*
Preparation of d.S-Dlaxafluoren ^-ohe* Phenanthroline (0.12 mol, 
23.55 g) and KOI! (0.22 mol, 12.22g) were added to 1000 mL of water 
and brought to reflux. Potassium permanganate (0.38 mol, 60.78 g) in 
500 mL of water was added dropwise to (he refluxing mixture. After 
addition, the solution was refluxed for 0.5 h and filtered to remove MnOt. 
When the solution was cooled, crude 4,5-diaxaf1uoren-9-one precipitated 
as yellow needles. Recryatalliration from water yielded 5.42 g (25%) or 
the desired ketone: mp 212-213 *C (lit.* mp 2H. 218, and 215-216 "C); 
mass spectrum, m /e (rel intensity) 182; IR *c—o  1742 cm"1; 'I I  NMR 
(CDCI,) 8 8.81 (d, 2 H, J  -  5.1 Hr), 7.99 (d. 2 1 1 , / -  7.5 Hr). 7.35 
(dd, 2 1 1 , / -  5.1 and 7.5 Hx).
Preparation of 4,5-Dlaxanuorene (I).14 Hydrarjne hydrate (85%. 14 
mL) and 4,5-dlaialiuoren-9-one (0.025 mol, 4.6 g) were placed in a steel 
bomb end healed to 165 *C for 18-h. When the solution was eooted, a 
white Solid was filtered from the dark red liquid. Extraction nf the red 
liquid with CIICIj yielded additional solid. The combined solid portions 
were added to benxene In order to separate the-snluble dinrnfluorcne from 
its insoluble dimer. After filtration, addition of hexane to the benzene 
fraction yielded whiti needle*. Final purification was accomplished by 
column chromatography (silica gel, EtAc/cyclohexane 1:1): mp 171-173 
*C (lit.10 mp 172 *C): mass spectrum, m /e  (rel intensity) 168: NMR
( 5 )  Raker, D . G :  C rosby, O . A . C hrm . P h ys. 1 9 7 4 .4 .4 2 8 . H ager, O . D.: 
C rosby, O . A . 1. A m . C h rm . S a c .  1975, 97 . 7 0 3 1 . R iftin g . W . II.; Croabv. 
G . A . J. A m . C hem . S o c . 19*1 . I 0 J , 2683 .
(6 )  Van llo u len , J.; W atts, R . 3. J . A m . Chem . S ix .  1975, 97. 3*43: 1976. 
98, 4 8 5 3 . Aiixopp, S . R .; C ox , A .; Jenk ins, S .  11.: K em p, T . J.; T unsta ll, S . 
M . C h rm . P h ys. U n .  1976, 43 . 135.
( 7 )  D urham . B.; C aspar, J . V.; N a g le , J. K.; M eyer. T . J . J . A m . Chem . 
S ix .  1982, 101. 4 8 0 3 . C aspar, J. V .: M eyer. T . J. Ih ld . 19*3, 103, 5 5 8 3 . -
(R) G ordon, S . A . J.: Ford, R . A . "The C hem ist's Com panion": W ilev: 
N e w  Y ork. 1972.
(9 )  K loc, K.; M lochow skl, J.; S z u le , Z . 3 . P n h l .  C h rm . 1977, 319 . 956 .
(1 0 )  K loc. K.: M lochnwakl, J.; S au le . Z . H r tr r ix y c lr t  197*. 9 . *49.
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E x titc il  S tu t t s  hi Folypyridinc R u th en iu m (ll)
MLCT
‘MLCT
f ig u r e  1. P h o to p h y s ics  o f  p o ly p y r id iu e  ru th en iu m  c o m p le x e s .
»
T a b le  I. A b so rp tio n  S p e c tr a  fo r  N ic k e l ( l l )  C o m p lex e s*
co m p lex ’A ,  - »  1T , ,  c m -1 * A , - »  * T |. cm " 1
N i ( l l ) O ) , 1* 8 BSD 1 4 9 0 0
N i ( l ) , 1* 1 0 2 3 0 1 6 9 3 0
N i ( b p y ) ,1* 1 2 6 6 0 2 0 8 3 0
* W u tcr .u c e lo u c  so lv en t (2 :1 )  a t 25  * C .
( C D |C N )  6  8 .71  (d .  2 1 1 . . / -  4 .4  H z ) .  7 .8 5  ( d .  2  1 1 ,7 .  -  7 .8  111). 7 .2 6  
(d d . 2  H . J  «  4 .4  a n d  7 .8  H z ) ,  3 .8 3  ( s .  2 I I ) .
P reparation  o f  W y-D lch lorobL (b lpyrldh> e)rulbeu iu iit. T b e  procedu re  
s u g g e s te d  by  W h itte n  an d  co -w o r k e r s11 w as fo llo w e d  w ith o u t ch u n g c . 
A b so rp tio n  sp ectru m  (e th a n o l):  5 1 5  a n d  3 7 5  n m .
P re p a r a tio n  o f  D u (b ip y r id in e )(4 ,5 -d la z a f lu u r c u e )r u tb e n lu m (l! ) . cis*  
D ic h lo r o b ii(b ip y r id in c )r u th c n iu m  (1 .3  n n n o l, 0 .6 6 4  g )  an d  4 ,5 -d ia z a fl-  
u orcn c (1 .3  in m o !, 0 .2 1 4 5  g )  w ere  re flu x ed  in  3 0  <nL o f  e th a n o l for 4  h. 
T h e so lu tio n  w as filte red  h o i a n d  a m m o n iu m  h ex a flu o ro p h o sp h a te  (I  g )  
w a s a d d e d . A f te r  th e  so lu t io n  s to o d  o v e r n ig h t, c r y s ta ls  o f  [R u (b p y )2-
( l ) u J(PF*"la p re c ip ita te d . T h e s e  w e re  r e p e a te d ly  re c r y sta lliz e d  fro m  
a c e to n e /w a te r  a n d  e t h a n o l /w a te r .  S in g le  c r y s ta ls  s u ita b le  for  X -r a y  
d if fr a c tio n  w ere  o b ta in e d  b y  s lo w  liq u id -liq u id  d if fu s io n : N M R  (C D j-  
C N )  6 8 .5 0  (d .  4  1 1 ,7  -  7 .6  H z ) ,  8 .0 5  (m . 8  11). 7 .8 8  (d ,  2  1 1 ,7  »  4 .8  
H z ) . 7 .4 7  (m . 8 I I ) , 4 .3 9  (s , 2  H ) .  A n a l. C a lc d  fu r C } lH j4N » P 2F u Ku:
C . 4 2 .3 9 ; N , 2 .7 8 ; N .  9 .6 4 . Found: C . 4 3 .0 9 ; M. 2 .8 9 ;  N ,  9 .5 9 .
P re p a r a tio n  o f  T r is (4 ,5 -d ia 2 a n u o r e n e )r u th e n lu u i( l l) .  4 ,5 -D iu z u fl-  
u orcn c (2 .3  m m o l, 0 .3 8 8  g )  w as ad ded  to  3 0  m L  o f  p ropanol a n d  brought 
to  re flux . A  p rev iou sly  p repared  ru th en iu m  b lu e  so lu t io n 12 ( 1 0  m L ) w a s  
a d d e d  d ro p w ise . T h e  so lu t io n  w a s  re flu x e d  3 h a n d  filte red  h o t, an d  
a m m o n iu m  h ex a flu o ro p h o sp h a te  w a s  a d d e d  to  th e  red  f iltr a te . T h e  
resulting  so lu tion  w a s  k ep i overnigh t at 0  "C . T h e  y c llo w /o r a n g e  crystal*  
w ere filte red  a n d  p u r if ied  b y  re p e a ted  r c c r y sta lliz a lio n s  from  a c e t o n e /  
w ater: N M R  ( C D j C N )  i  8 . U  (d , 6  II , 7  ■  7 .7  H z ) ,  7 .8 1  (d ,  6  H . 7  -  
5 .4  H z ) .  7 .4 5  (d d . 6  H . 7  «  7 .7  and  5 .4  H z ) ,  4 .4 1 (s , 6  H ) . A n a l. C a lcd  
f o r C „ H 24N * P 2F l2R u: C , 4 4 .2 6 ;  H . 2 .7 0 ; N ,  9 .3 8 . Found: C , 4 4 .8 2 ;  
I I , 2 .7 6 ;  N .  9 .2 8 .
Q uantum  Y ield  D e ter m in a tio n !. AH q u a n tu m  y ie ld s  w ere  d ete rm in ed  
w ith  R u (b p y )}* *  in  w a ter  a s  a  sta n d a rd  \<t> -  0 .0 4 2 * ). T h e  sp ectra  w e re  
co r re cte d  for  v a r ia tio n s  in  la m p  in te n s ity  an d  p h o to m u ltip lie r  re sp o n se . 
T h e  sp ectra  w e r e  in teg ra ted  in  w avcttu m b ers.
E m iss io n  L ife tim e s . A ll life t im e s  w e r e  d e te r m in e d  b y  th e  s in g le ­
p h o to n  c o u n tin g  m e th o d .
Results and Discussion
The physical and spectroscopic properties of I agreed with those 
in the lite ra tu re .9 In  order to verify thut 1 is indeed a weaker 
ligand than bpy, complexes of N i( ll )  were prepared. The selection 
o f N i(H ) was based upon the reudiiy identifiable L F  slates for 
am ine complexes.14 As seen in 1 able 1, the L F  transition* were 
found to undergo a bathochrom ic shift a s  the ligand was varied 
from bpy to 1 to w ater. C learly, 1 is a  weaker 4-bonding ligand 
than  bpy.,J
(1 1 )  Sprintschnik, G.; Sprin u ch aik , H-; K in d i, D .; W hitten , D . G . 7 . Am - 
C hem , S o c . 1977, 9 9 , 4 9 4 7 .
(1 2 )  A nderson , S .; S cddon , K . R . 7 .  C h em . R es. 1 9 7 9 , 74 .
(1 3 ) W are, W . In "Creation and D etection  o f  the E xcited  State"; Lam ohi,
A . A .. Ed.; M arcel D ekker: N ew  Y ork. 1971.
(1 4 ) H ancock, R. D.; M cD ougall, G . J. 7. Chem. S o c ., V uhon  Trans, 1977,
6 7 . Jorgenson, C . K . " inorgan ic Com plexes"; A ca d em ic  Press: N e w  Y ork,
1963.
7. A m . Chem. Sue.. Vol. 106. No. 20. IVR4
F ig u re 2 .  S tr u c tu r e  fur K u (b p y )2( l ) 2t u s d e t e r m i n e d  by X -ra y  d if fr a c ­
tio n . N o t e  th a t I is  d isord ered  in to  t h r e e  |K » i l i o n s  w ith  a p o p u l a t i o n  o f  
1 /3 .
—  Ru(bipy)2 (t )
—  Ru(blpy)j 
ElOH/MeOH 7 7 K
5 0 0 6 2 0 6 6 0 7 0 05 4 0
A (nm )
F igure 3 .  E m issio n  sp ectra  for 2  and  3  a t 7 7  K in  E t O H /M e O H  (4 :1 ) .  
T h e  em iss io n  in te n s ity  o f  2  h a s  been  d ec r e a se d  ( ~ 4 0 % )  to  fa c il ita te  
co m p a r iso n .
T a b le  II . E m issio n  P a ra m ete rs  for K u lh c n iu m ( l l)  C o m p lex e s
c o m p le *
K ~ . . ‘
n m + (7 7 ) *
r a n . '
*« + ( 2 9 8 ) '
, ( 2 9 8 ) /
ns
R u (b p y ) ,’ * 5 7 8 0 .3 3 5 .2 4 .2  x  10-* 6 3 0
R u (b p y )2( I ) '* 5 7 4 0 .5 6 5 .9 8  X  1 0 * I
R u ( b p y ) i( 4 ) l f 6 0 9 0 .2 3 4 .3 5 .6  X 10'* 137
R u U ) ,1* ~ 3 8 5 « low
'C o r r e c te d  em iss io n  m a x im u m  ut 7 7  K in  E t O H /M c O U  ( 4 ; l ) .  
* E m iss io n  q u a n tu m  y ie ld  at 7 7  K in  E lO H /M c O H  (4 :1 );  ± 2 0 % . 
'E m iss io n  life t im e  a t 7 7  K in  E iO H / M c o l l  (4 :1 );  ± 1 0 % . 'E m is s io n  
q u a n tu m  yield  ut 2 9 6  K in  w ater; ± 5 % . * E m issio n  life t im e  ut 2 9 8  K in 
w ater; ± 1 0 % . ^ T o o  w eak  to  n teu sure. 'V e r y  w eak  em iss io n .
T he preparation  o f R u (b p y ) j( l)J+ (2) followed liieruturc 
precedence.'1 T he spectral properties were entirely consistent with 
(lie proposed structure. Furtherm ore, X -ray diffraction revealed 
th a t  the PFg~ salt crystallized in trigonal space group / ^ i  with 
a c  11,002 (2) A, c  «  16.350 (6) A, 2  ** 2, and d  =  1.689 g /c m J 
and is isom orphous with lR u(bpy)})IP F j] j. Refinem cem  using 
480 observations m easured with M o Kor radiation to 0 -  23° on 
an  E nruf N onius C A D 4 d iffractom eter led to R  *= 0.063. The
(1 5 )  Further evidence is provided by tb e structure o f  N iO L 1*, where the 
avcrugc N i - N  bond length w as determ ined to  be 2 .149  A . T he corresponding 
bond length  in N i(b p y )jJ# hu> been reported to  be 2 .089  ( I )  A .1*
(1 6 ) W ttda, A .; S ukabc, N .; T auuka, J . A c ta  C rys iu llo x r ., S e c t . 8  1976, 
B J2. 1121.
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T a h le  H I . R a d ia tiv e  a n d  R a d ia tio n le ss  D e c a y  R a le  C o n sta n ts  fo r  
P o ly p y r id in e  R u th en iu m  C o m p le a e s  a t 7 7  K
i o v -* 10
R u (b p y ) ,7* 6 J 1.3
Ru(bpy).(«)’* 9 .5 0 .8
R » ( b p y ) , ( 4 ) » 5 .4 1.8
• E lO H / M e O H .  7 7  K ( 4 : 1 ) .  ’ E v a lu a te d fr o m  d ( 7 7 ) / r ( 7 7 ) .
'  E v a lu a te d  fro m  t / r ( 7 7 )  - k ,.
cation, shown in Figure 2, has crystallbgrnphic sym m etry Dj, 
requiring the diazafluorcne methylene group to be disordered into 
three  positions with a population o f I /3 .  T he  a verage structure 
exhibits a R u -N  distance o f 24)74 (6) A and a fd -R u -N  bite angle 
o f  80.1 (4 )° . T he b idenlate ligand is slightly nonplanar, having 
a N - C I - C I '- N ' torsional angle o f -7 .1 ° , and the octahedral twl.it 
angle Is 51.3°. T he PFt" anion has crystallographic C j symmetry 
with an average P - F  d istance o f 1.49 ( I )  A  and  is affected by 
high therm al motion.
T he absorption spectra o f  2 and R u(bpy)j,+ (3) w ere found 
to be nearly stiperimposablc. The low-temperature (77 K) emission 
spectra for 1 and 3 a re  shown In Figure 3. T h e  intensities and 
lifetimes w ere com parable (T abic II), and the  rad iative  and  ra ­
diationless decay ra te  constants were found to be sim ilar for both 
complexes (T able H I). Furtherm ore, very few differences In the 
band shapes o f these spectra were apparent. T he  small 4-nrti 
bathochrom ic shift noted for 3 supports the Contention that any 
M L C T 's a re  only slightly affected by substitu tion  Of I for bpy. 
As the tem perature  is raised to 298 K, both Spectra underwent 
a substantia l bathochrom ic shift and a loss o f  fine structure. 
However, the most spectacular change was noted in their relative 
emission intensities (Table II). At this tem perature, the emission 
intensity for 3 was almost 30-fold larger than th a t for 2. In fact, 
the  emission intensity from 2 was so low th a t the  lifetim e could 
hot be evaluated.
T h e  above results can be readily rationalized within the context 
o f the previously proposed model for the photophysics o f 3.‘-7 As 
mentioned earlier, the lowest excited M L C T  s ta te  is deactivated 
by three processes: radiative decay [k,), radiationless decay (!:„), 
and therm al population o f a higher excited L F  s la te  (k 0 ex p (- 
6 .E /R T )) .  This L F  s ta te  undergoes very efficient radiationless 
decay to the ground stale. A t 77 K, ju s t the First two processes 
a re  operational and both 2 and 3 have s im ilar emission lifetimes 
and intensities. Only when the tem perature is raised does thermal 
population o f the LF slate become important. S ince this L F  state 
is energetically  lower in 2 than  in 3, population is' much more 
efficient for 2 a t  298 K. T his results in the d rastic  reduction o r 
the emission intensity  noted for 2 relative to 3.
Furtherm ore, the emission intensities fof 2, 3 and  R u(bpy)j- 
(P y)j,+ (py ”  pyridine) w ere determ ined as a function of tem ­
perature, and (he results are shown in Figure 4. For 3, there is 
little  change in the emission intensity until around 270 K, a fter 
which the  Intensity rapidly decreases. This behavior has been 
previously observed, and the results in F ig u rt 4 agree with these 
earlier reports.*’7-”  G enerally, the variation o f  the emission 
intensity (of lifetim e) o f  3 as  a  function o f tem pera tu re  can be 
accounted for with only a single activated process. However, 
Allsopp et a l.”  have suggested a function w ith tw o exponential 
term s; (he second term  has a very sm all activation energy (200 
cm ’1) and is required only to  accurately  describe th e  low-tem­
pera tu re  reg io n ..
In contrast, a d ram atic  decrease in the emission intensity o f 
2 occurs a t a much lower tem perature, clearly indicating a lower 
L F  s ta le  than th a t in 3. However, a second activated process is 
also observed, and It occurs in the sam e tem peratu re  region as 
in the case of 3. W hy two activated processes are apparent rather 
than ju s t one is a t present unclear. However, the behavior of 2 
is very sim ilar to that observed for R u(bpy),(py )jJ* (sec Figure 
4) which supports the contention that I is weaker than bpy in the 
speclroChemicat series.
(1 7 ) A llsnpp. S . R,: C ox , A .: K em p. T . }.-. R eed . W . J . J . C hem . S o c .,  
F a ra d a y Trans. I 1978, 1275.
0 .5
- 5 0
■ftftj>l*C)
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Figure 4. Relative emission Intensity aS a function o f  temperature for 
Ru(bpy),1*, Ru(bpy)i(l)’*, and Ru(bpy)i(py)i’*.
A
2 9 0 0 0 20000
Merit )
Figurt S. Absorption spectra for Ru(bpy)j7* and R u()),7* In Water St 
298 K. The intensities are Arbitrary and are not intended to imply 
relative extinction coefficients.
fit order to further substantiate these conclusions. Several other 
complexes have been investigated. First, R u(bpy)2(4)1+ has been 
prepared and its emission properties examined. As seen lit Table
0
o u o
H, the  emission lifetim e and intensity for (his complex a t 298 K 
were found to be intermediate between 2 and 3. This results from 
the fact that 4 is m ore easily reduced than  I which necessitntes 
a lower M L C T  stale. This conclusion is confirm ed by the sub-
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stam inl ballioclirom ic sh ift in llic emission m uxiinuiu. Conse­
quently, both  the  L F  anti M L C T  stales have been energetically 
lowered with I lie result that their energy difference is not varied 
dram atically  by the substitution o f 4 for bpy.
Additionally, U u ( l) , j1' has been prepared, and , again, its 
spectroscopic properties have been investigated. T h e  absorption 
spectra for both R u(bpy )j2* and R u (I) jJ+ urc shown in Figure 
5. T here  is a sm all bathochrom ic sh ift ( ~ 6 0 0  cm "') in the 
absorption band assigned to the M L C T  transition. A gain, this 
indicates that M L C T  states a re  not substantially  affected by 
substitution o f  l  for bpy. In contrast to the previous complexes, 
this complex did not emit a t 298 K. In fuel, only a very weak 
emission was observed even a t 77 K. This weak emission displuyed 
none of the fine structure apparent in 2 and 3. Consequently, we 
suggest that this polypyridine ru thcn ium (II) complex has the 
lowest excited state characterized by mainly a L F  configuration. 
Taking into account the small bathochrom ic shift in the M L C T  
stale, these results suggest tha t the L F  s ta te 's  energy has been 
reduced by approximately 3000 cm"1. On the basis o f  the results 
for the N i( l l )  complexes, this seems u very reasonable estim ate.
In summary, the 4,5-diuzunuurenc ligand perm its the selective 
perturbation o f L F  stales. T he  application o f this approach to
polypyridine ru thenium  complexes leuds to  the conclusion that 
the  M L C T  and  L F  s tates  urc in therm al equilibrium . T his ap ­
proach will surely assist in the assignm ent and "fine tuning* of 
the  excited stales  in o ther polypyridinc complexes.
Acknowledgment. This m aterial is based upon work supported 
by N S F  (C l IE-8205698) nnd the LSU Center for Energy Studies, 
under U .S. D epartm ent o f Energy G ran t N o. D E-FG - 
0S80E K I019F. Any opinions, findings, conclusions, o r recom ­
m endations expressed herein a re  those o f the authors and do not 
necessarily reflect the  views o f D O E o r of the LSU C enter for 
Energy Studies. W e thank K. A. A uerbach, W. W uchollz, and 
K. II . Schm chl o f Tulane University fur m easuring some low- 
tem perature  lifetim es and for some very helpful discussions.
R egistry  N o . 1 ,2 4 5 -3 7 -4 ;  2 ,9 1 6 0 6 -2 3 -4 ;  3 ,1 5 1 5 8 -6 2 - 0 ;  4 . 5 0 S 9 0 -6 7 -0 , 
R u (t> p y )j(4 )I+ , 9 1 6 0 6 -2 4 - 5 ;  R u d J j ^ t P F , ' ) , .  9 1 6 0 6 -2 6 - 7 ;  N i l l ) , 1*. 
9 1 6 0 6 -2 7 -8 ; cix-d ich lon>bts(b ipyridinc)ruihcn ium , 1 9 5 4 2-80-4 ; ruthenium  
d ic h lo r id c , ] 3 4 6 5 -5 1 -5 ;  p h e n a n lh r o lin c , 1 2 6 7 8 -0 1 -2 .
Supplem entary M aterial Available: Table o f coordinate uml 
isotropic therm al param eters for [K u (b p y ) i( l) ) if 'l 't | ,  (I  page). 
O rdering inform ation is given on any current m asthead page.
Chapter 5. Dynamics of Ligand Field 
Excited States in Polypyridine 
Ruthenium(II) Complexes
Originally published in Chemical Physics. 
Letters 1985, 114. 533.
Reprinted with permission from Elsevier 
Science Plublishers B. V., Copyright 1984.
-106-
107
1 7 NOV. 1986
October 56, 19B6 
3650 Nicholson Dr, # 1147 
Baton Rouge, LA 70B0H 
U.S.A.
Elsevier Science Publishers B.U. 
North-Holland Physics Publishing Division 
P.O. Box 103 
1000 AC Amsterdam 
The Netherlands
Dear Sir,
I am writing to request permission to use thB 
article 'Dynamics of Ligand Field Excited States in 
Polypyridine Ruthenium CII1 Complexes’, L. J. 
Henderson, Jr. and U. R. Cherry, Chemical Phusics 
Letters. 19B5, 114. 553, in my doctoral dissertation.
I thank you in advance for your permission.
Sincerely,
¥ . $>• )J^ .
L. J. Henderson, Jr.
Permission granted subject to  
perm ission from the author(s) 
and to  full acknowledgem ent of 
the source.
North-Holland Physics Publishing 
Amsterdam, date: N ovem ber 17 , 1986
Division Director
108
Volume 114, number 5.6 CHEMICAL PHYSICS LETlliKS IS Mruelr 1985
DYNAM ICS O F  L IG A N D  F IE L D  EX C IT ED  STA TES 
IN I’O LY PY K ID IN E R U T H E N IU M (II) COM PLEXES
Leslie J . H EN D ER SO N  and  W illiam R . C H E R R Y
Department o f  Chemistry, Louisiana State University, Baton Rouge, LA 70303, USA 
R eceiver] 5  S e p te m b e r  1 9 8 4 ;  itt fin a l fo r m  14  D e c e m b e r  1 9 8 4
T h e  te m p e r a tu r e  d e p e n d e n c e  o f  p h o lu s u b s t l lu l iu n  fo r  sev e ra l p o ly p y rtd ir tc  lu t l i c n iu m ( l l )  c o m p le x e s  Iras b e e n  e x ­
a m in e d . Itr c o n tr a s t  to  tire p a ren t tr is -b ip y r id u r e r u tlie n iu tn (ll) , l i t t le  te m p e r a tu r e  d c ite m le n e c  is o b s e r v e d . T h e s e  re su lts ,  
c o m b in e d  w ith  t |u e n c lt it i£  t la lu , p r o v id e  k in e t ic  d e ta ils  o tt Urc in te r m e d ia te  ligand  f ie ld  e x c i t e d  s la t e  itiv u lv e d  itt llrese  
r e a c tio n s .
I .  In tro d u c tio n
C om pared  to  llte  ex tensive p lio top iiysieal s tu d ies  
o f  po ly p y rid in e  ru ll ten iu n t( ll)  com plexes p h o to ­
chem ical s tud ies  have b een  relatively  sparse {2], O nly 
recen tly  has th e  sequence  o f  even ts  fo r p h o io su b sti-  
tu lio n  been  d e lineated  [3 ] .  A s show n in llg . 1, e x c i­
ta tio n  resu lts  in  tlsc q u a n tita tiv e  p ro d u c tio n  o f  a 
trip le t m eial-to-ligund charge tran sfe r ( 3M LCT) e x ­
c ited  s ta te . Resides rad iative  and rad ia tion less decay ,
4  T h e  l ite r a tu r e  In th is  f ie ld  is  t o o  e x t e n s iv e  t o  e n u m e r a te  
b u t th e  in t e r e s te d  rea d er is  e n c o u r a g e d  t o  r e fer  to  tire re­
v ie w  b y  W a lls  111 f ° r  le a d in g  re fe r e n c e s .
LF
M LC T
F ig . 1 .  M o d e l fo r  th e  p lio r o su b s t l lu t io n  o f  p o ly p y r id in e  
r u th e n iu in ( l l )  c o m p le x e s .  T h e  3 M L C T  s la t e  is  fo r m e d  w ith  
u n it  e f f ic ie n c y  u p o n  e x c ita t io n .
this 3M LCT m ay undergo  a  therm ally  induced  in ­
te rna l conversion  to  a higher-lying ligand field  (L F ) 
ex c ited  s ta le  [2 ,3 ] , F o r lr is-b ipy rid iuu ru lheu iun i(U ), 
R u (b ip y )^ * , file activation  energy fo r p o p u la tio n  o f  
llte L F  s ta te  lias been  evaluated  as 3 6 0 0  cm - 1 [ 4 | .
O nce litis L F  s ta le  has b een  p ro d u ce d , it m ay  be 
d eac tiva ted  by  e ith e r  rad ia tion less decay  b ack  to  the  
g round  s la te  o r  b y  pho to ch em ica l pa thw ays [3 ] ,  In  
(lie la t te r  p rocess, a p en ia -co o rd in a tcd  in te rm ed ia te  
is p ro d u ced  w hich  e ith e r  recloses to  th e  s ta r tin g  co m ­
p lex  o r  is c ap tu red  b y  an  ex te rn a l ligand (L ), re ­
su lting  in  n e t p h o to su b s ti tu tio n .
C u rren tly , very little  is k now n  a b o u t the  dynam ics 
o f  llte  L F  s ta te .T h e  tem p e ra tu re  dependence  o f  plto- 
to sn b sti tu tio n  fo r  R u (b lp y )3+ h a s  b een  exam ined  in 
several d iffe ren t so lvents ( 2 ,3 |.  T h e  observed behav­
io r was 111 to  a k in e tic  schem e involving tw o  activa­
tio n  energies; llte  first is re la ted  to  therm al p o p u la ­
tio n  o f  llte L F s ta le  and  llie  second  to  fo rm ation  o f  
th e  p cn ta -co o rd in a ted  in te rm ed ia te .-T hese  s tud ies  
in d ica te  a b a rrie r o f  »*2000 cm - 1 sepa ra te  (lie LF 
s ta te  and  in te rm ed ia te  12 ,3]. A sim ilar value has 
been  estim ated  fro m  the  tem p e ra tu re  dependence  o f  
p h o lo in d u c cd  rac im ization  o f  A -R u fb ip y )^  [S ],
A p ro b lem  associated  w itli u tiliz ing  R u (b ip y ) j+ 
hi stud ies.designed  to  investigate  pho to ch em ica l 
processes resu lting  from  th e  L F  s ta le  is th e  fact 
(ha t Iw o activated  processes in llucnce  th e  observed 
p h o to ch e n u ca l q u a n tu m  y ie ld  an d  these m ust b e
0 .0 0 9 -2 6 1 4 /8 5 /$  0 3 .3 0  ©  Elsevier Science Publishers B.V. 5S-3
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separa ted  using non -linear Icasl-squarcs analysis. In 
o rd e r to  c ircum vent th is  p ro b lem , we have exam ined  
th e  tem p e ra tu re  dep en d en ce  o f  several com plexes, 
R u (b ip y )2p y 2 + (p y  = p y rid ine) and  R u (b ip y )2d iazJ+ 
(d iaz  =  4 ,5 -d iaza riu o rcn e ), w hich are charac te rized  
' by  sm all ac tiv a tio n  energies fo r p o p u la tio n  o f  th e  LF 
s ta te . T hese activation  energies w ere evaluated  by  
exam in ing  the  tem p e ra tu re  dependence  o f  th e  em is­
sion [6 ] ;  above 2 5 0  K these com plexes d isp lay  essen­
tia lly  no  em ission . As a re su lt, th e  L F  s ta te  is form ed 
w ith  un it e ffic iency  over th e  tem p e ra tu re  range e x ­
am ined  ( 2 7 3 - 3 3 0  K ) and  an y  observed tem p era tu re  
dep en d en ce  is th en  re la ted  o n ly  to  processes th a t 
o ccu r a fte r  p o p u la tio n  o f  th e  LF s ta te .
2 . E xperim en ta l
T h e  com plexes w ere p repared  as P F g  salts and 
p u rified  b y  previously  described  p rocedures [7 ] ,  T he 
so lvents w ere pu rified  b y  s tan d ard  m ethods.
T h e  p h o to su b s ti tu tio n  progress w as m o n ito red  by  
a b so rp tio n  sp ec tro sco p y  using  a Cary 14 sp ec tro m e­
te r. A lo ca lly -constructed  cell ho ld e r allow ed fo r 
sam ple  s tirrin g , tem p e ra tu re  c o n tro l an d  rlght-anglc 
irrad ia tio n . T h e  Sample tem p era tu re  w as m ain ta ined  
b y  a c irc u la lin g b a lh  to  ± 0 .5  as de te rm in ed  b y  a 
c o p p cr/co n sta tin  th e rm o c o u p le .
T h e  0 2 quen ch in g  experim en ts  w ere p erfo rm ed  in 
a previously  described  stainless-steel cell [8 ] . T he  
sam ple w as co n ta in ed  in a cem en ted  q u a rtz  cuvette  
and  s tirring  was achieved w ith  a m agnetic  Stirrer. T he 
sam ple was eq u ilib ra ted  a t th e  ap p ro p ria te  pressure 
fo r a t least 3 0  m in p rio r  to  pho to lysis .
■ 3 .  R esults
T h e  relative p h o to su b s ti tu tio n  q u a n tu m  y ie lds fo r 
R u (b ip y )3 + , R n (b lp y )2 py2+ and  R u (b lp y )2dla7.2+ 
are show n  in fig. 2 .  T h e  reSults fo r R u (b lp y ) j+ arc 
s im ilar to  th o se  re p o rted  previously  [2 ,3 ] . F o r the  
rem aining  tw o  com plexes, th e  q u a n tu m  yield  Is, w ith ­
in ex p erim en ta l e r ro r ,  in d ep e n d en t o r  te m p e ra tu re . It 
shou ld  be  n o te d  (h a t (he  m in im um  activation  energy  
th a t  cou ld  be  accu ra te ly  d e te rm in ed  b y  this m e th o d  
is ap p ro x im ate ly  7 0 0  cm -  *. T hus, a sm all b a rrie r 
m ay be associated  w ith  these  processes and  n o t be 
d e te c te d .
7 5
T E M P  (« K )
F I;. 2 .  Relative quantum  yield  o f  photostib stllu tln n  In 
C ltjC N  (0 .01  M letra-h tilylam nion luni ch lorid e) for 
R u fb lp y )]*  (■ ), R u (b ip y ) ip y j* ( o )  and R u (h lp y ) id la i , * (n ).
T h e  p h o to su h sti tu tio n  q u a n tu m  y ie ld s  a t 2 98  K in 
several d iffe ren t so lven ts are show n in tab le  I . T he re­
su lts  fo r R u (b ip y ) j+ an d  R u (b ip y )2 p y 2+ agree w ith 
(hose previously rep o rted  [2 ,3 ] . F o r R u (b ip y )2dlazJ,f, 
th e  q u a n tu m  y ie ld  w as d e te rm in ed  In several solvents 
as well as at 0 2 pressures o f  u p  to  100 a tm  in C II2C12.
Table 1
Q uantum  yields for p tiotosubstitu tlnn  o f  ru llicnhtm O l) com* 
plexe* In differen t solvents
Solvent R u (b lp y ) ,*  R u fb lp y ) ,p y ,  v R n (b lp y)jd laz5 *
C rijC lj 0 .0 4 4 0 .211 0 .0 4 3
C tljC N 0 .0 0 2 0 .0 3 6 0 .0 0 4
1 1 ,0 0 .0 0 0 0 .1 7 0 0 .0 0 0
C H ,C I,.* ) y - - 0 .0 4 3
■) At 100 »tm  O j pressure.
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4 . D iscussion
F ro m  fig. 1, il is apparen t th a t lire p h o to su b stitu - 
lio n  q u a n tu m  y ie ld  is given by  tb e  re la tionsh ip
0|O|||| = 0LI'0|0L • ( 0
w here 0j,|.-. 0j an d  <pL  urc th e  q u a n tu m  y ie lds for LF  
fo rm atio n  from  3 M LCT, p en ta-coo rd ina le il in te r­
m edia te  fo rm ation  fron t LF and  p ro d u c t fo rm ation  
from  the in te rm e d ia te , respectively . F o r R u (b ip y ) 3 + , 
b o th  0 L ,: and  (a t  least) 0 j are tem p e ra tu re  dep en d en t 
and unravelling the  tw o  ac tivation  energies is a d iffi­
cult task . T h e  results fo r litis com plex show n in  fig.
2 qualita tive ly  ugicc w ith  previous rep o rts  fo r d iffe r­
en t solvent system s [2 ,3J.
F o r  R u (b ip y )2 p y 2+, the  activation  energy re la ted  
to  ^L f. is low  a n d ,consequen tly ,tA L ,.- is im ily o v c r th e  
te m p e ra tu re  range being  exam ined  (2 7 3  -3 3 0  K). 
T h u s, the  first te rm  in  e q . ( l )  is u n im p o rtan t an d  
any  observed tem p e ra tu re  dependence  is re la ted  to  
e ith e r  0 |  o r  0 L . S ince n o  dependence  is n o te d , we 
co ncluded  th a t  tire L F  s ta te  undergoes p ho toe lim i- 
n a tio n  w ith  little  o r no  ac tivation  energy.
O f  cou rse , the  d iffe ren t activation  energies fo r 
R u (b ip y )3 + and  R u (b ip y )2 p y 2+ m ay  result fro n t the 
fact (h a t in th e  fu tm er case a fivc-m em bcred chelate 
ring m ust be  brokfen. in d e e d , M eyer and  co-w orkers 
[3 ] have d e m o n stra ted  th e  im portance  o f  a  chelate  
ring in  d ic ta tin g  p h o to su b s ti tu tio n  q u a n tu m  y ields. 
W hen a chelate  ring m ust be  b ro k en , th e  p h o to su b - 
s litu lio n  effic iency  Is high  in non-po lar so lvents b u t 
d ro p s  to  nearly  zero  in w ater. F o r  com plexes in 
w hich  a chelate  ring is n o t b roken  (i.e . R u (b ip y )2 - 
p y 2 +) ,  the  effic iency  is h igh  in all so lvents. These 
tren d s  s tem  from  the  c o m p e titio n  o f  rap id  rin g  c losure, 
re fo rm ing  llte  e fie ia te  ring , a nd  c ap tu re  o f  the  pen ta- 
coo rd ina ted  in te rm ed ia te  b y  L ( f ig . 1). In  th e  case o f  
com plexes w ith  chelate  rings, capure  by  L  can  co m ­
pete  w ith  ring closure on ly  w hen L is specially  p ro x i­
m ate  to  llte in te rm ed ia te , lie n e e , w hen  ion  pairing  is 
ex tensive, p h o to su b s ti tu tio n  becom es e ffic ien t. In 
co n tra s t, w hen  R u (b ip y )2 py2 + ph o to e lim in a tes  a py  
ligand, b o th  L  and  p y  com pe te  fo r c ap tu re  o f  th e  in ­
te rm ed ia te  in the  usual b im olccu lar fashion.
F ro m  the effec t o f  solvent upon the p h o tosubsli- 
tu llo n  q u a n tu m  yield  fo r R u (b ip y )2d iaz2''',  il is clear 
th a t d iaz  behaves us a typ ica l chelating  ligand. 
F u r th e rm o re , prev ious s tud ies have ind ica ted  tha t
su b stitu tio n  o f  d iaz  fo r b ip y  greatly  low ers th e  energy 
o f  L F s ta les  w hile leaving unchanged  any  iutraligand 
o r  M LCT s la te s  [6 ] ,  H ence, p o p u la tio n  o r  th e  1.F 
s ta te  in R u (b ip y )2diaz2+ is very e ffic ien t and  occurs 
w ith  u n ity  effic iency  over the tem p era tu re  range o f  
2 7 3 - 3 3 0  K . O ver th is sam e tem p e ra tu re  range, the 
p h o to su b s ti tu tio n  q u an tu m  y ie ld  is co n stan t. A gain, 
this ind ica tes  (hat b o th  0 j and  0 L have little  or no  
activation  energies associated  w ith  th em .
F u r th e r  in fo rm atio n  on the dynam ics o f  (lie LF 
s ta te  can be o b ta in ed  from  0 2 q u ench ing  ex p eri­
m en ts . As show n in tab le 1, (he p h o to su b stitu tio n  
q u an tu m  yield is u n affec ted  even at pressures o f  100 
a tm . A t (his p iussurc, (he co n cen tra tio n  o f  U 2 in 
C il2 CI2 is = 0 .2  M A ssum ing a d iffu sion  co n ­
tro lled  q u ench ing , the  ra te  con stan t a t this 0 2 pres­
sure is estim ated  to  be 2 X I0 9 s " 1 . S ince no  q u e n ch ­
ing is observed , the  lifetim e o f  the  LF s ta le  can be no  
g reater than  100 p s .T h is  sh o rt lifetim e an d  th e  fact 
that the  highest e ffic iency  o f  p cn la-coo rd iua ted  in te r­
m ediate  fo rm ation  is 0.S (3 ] ind ica te  a very rapid 
rad ia tion less decay  is available to  th e  LF s ta te .
In  su m m a ry , these  results dem onstra te  th a t the 
L F  s ta le  is very short-lived and  rap id ly  d issociates to 
the  p eu ta -coo rd ina led  in te rm ed ia te  o r undergoes 
radiationless decay . N either o f  these processes have 
significant activation  energies associated  w ith  them  
(< 7 0 0  c m "  *)• T he  case o f  R u (b ip y )3 + seem s to  be 
unusual since a 2 0 0 0  c m - 1  activation  energy ap p a ­
ren tly  separa tes the  L F  s ta le  and  pen ta-coord inu ted  
in te rm ed ia te . H ow ever, In o rd e r to  com pe te  w itli 
rap id  radiationless decay , th e  activated  pho tosubsti- 
tu lio n  process m ust have a very large p re-exponen tia l 
fa c to r ( » 1 0 * s ) .  F u r th e r  s tud ies designed to  delineate  
the  fac to rs responsib le  fo r th e  d ifference  betw een  
R u (b ip y ) 3 + an d  o th e r  ru th en iu m  com plexes are cu r­
ren tly  underw ay .
**  T h e llan scn  co effic ien t for C t ljC lj  Ims n ot been reported  
so  lire O ]  eo n cciu riu lo ii was crlim uled from  (lie values for 
C I|C I3 and CC1« |9 J .
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Introduction
Although photophysical studies of polypyridine 
ruthenium(II) complexes are numerous1-7, photochemical 
studies are sparse.13-20 The apparent photostability of 
Rutopy)®2* (bpy = 2,2’-bipyridine) in aqueous solution
( E^d.camp <. lO-”*) has resulted in its use as a
photocatalyst in several water— splitting schemes to 
produce dihydrogen.0-12 However, the photolability of 
polypyridine ruthenium complexes has become evident 
under certain conditions. Demas and Adamson first 
documented a slight photosensitivity of CRu(bpy)®1C12 in 
dilute sulfuric acid by noting a decrease in 
luminescence.x* Van Houten and Watts initially observed 
a photoreaction for CRu(bpyJsUCls* in 0.1 M HC1 at 95°C 
by changes in absorption as well as a decrease in 
luminescence quantum yield (although no changes were 
seen under the same conditions at 25C*C).13 It was 
postulated that photochemi stry originated from a 
thermally populated 1igand field (LF) state(s), 3600
cm-1 above the emitting state.13 Subsequent studies of 
the temperature dependence of this photoreaction 
(313-368 K> confirmed their model. 1<s> Hoggard and Porter 
reported photoanation in dimethylformamide (DMF).17, 
Gleria and co-workers reported more efficient 
photoanation of CRu(bpyJsJClz in chlorinated solvents.13
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CRu<bpy)3]C12 ■' ■-> Ru(bpy)zCl2 + bpy (1)
CHzClz
A model was proposed with ion pairs and triplets as the 
photoactive s p e c i e s . F o r  low dielectric solvents, such 
as CHzClz, Meyer and co-workers found that salts of 
Ru <bpy)32'*' are completely ion-paired and that 
photoanation yield increases several orders of magnitude 
as the dielectric constant of the solvent decreases.20
Clearly, a comprehensive understanding of the 
photosubstitution process must encompass the 
photophysics preceeding the reaction. The energy 
diagram in Figure 1 is the result of numerous studies. 
Excitation from the ground state results in the 
population of a singlet metal-to-1igand charge transfer 
state (*MLCT).21-26 Intersystem crossing proceeds with 
unit efficiency to the luminescent triplet 
metal—to-1igand charge transfer state <3MLCT>.27-31 Much 
of the photophysi cal behavior of Ru <bpy) is 
rationalized in terms of "singlet" and "triplet" MLCTs. 
For instance, R u t b p y ^ 32- has been used as a "triplet" 
sensitizer.32 The low-lying MLCTs have been shown to be 
largely "triplet" in character <<11% singlet character) 
while absorption is largely singlet.22-2<!,'33»3-* Despite 
this, Ru (bpy)32-*- has been shown to sensitize singlet
Figure 1. The photophysics of Ru(bpy)3=s-^
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organic dyes, a spin-forbidden process without 
spin-orbit coupling.353 Although the usual caveats 
concerning spin-orbit coupling applies, spin-labels are 
useful and will be retained in this work.
Low temperature lifetime and emission-yield 
experiments show that the 3MLCT is really a manifold of 
three closely spaced states (AE^lOO cm-1).3*-*0 Above 77 
K the three states are all populated and can be 
considered as an average state. This average 3MLCT 
state is deactivated by non-radiative decay (knr), by 
radiative decay <kr->, and by thermal population to the 
1igand field state (LF often called d-d). The 
temperature dependence of photosubstitution and emission 
quantum yields suggest that the LF state lies 'v3600 cm-1 
above the 3MLCT and is deactivated by reaction <k,_Mn) as 
well as by non-radiative decay (k0 ).1B
It is generally accepted that the LF state is 
thermally populated from the 3MLCT.20 if the 3MLCT must 
be populated in order to reach the LF state, then 
quenching emission must also quench photosubstitution. 
□ H i n o  and Cherry examined the quenching of luminescence 
lifetimes and photosubstitution by ferrocene and oxygen 
for Ru (bpy) in three organic solvents with
tetrabutylammonium halides."^ Because the Stern-Volmer
118
constants were the same within experimental error -for 
both processes, the authors concluded that the same 
excited state was involved. Caspar and Meyer reported a 
study of various Ru(bpy)=L2n+ <L= an N-donor, phosphine 
or arsine ligand, n=0,1,2) complexes that is consistent 
with the thermal population of an LF state.*'r However, 
Pinnick and Durham found different temperature 
dependencies for the luminescence lifetimes and
photoanation of Ru<bpy)ssLz3*-*- complexes (L = CH3CN or 
pyridine),^s They concluded that photosubstitution is 
not a result of thermal population of the LF state, at 
least for ruthenium complexes containing two bipyridine 
1igands. They believe that an LF state is involved in 
photoanation, but that it is populated by a different 
pathway. Indeed, the temperature dependence over the 
range 250-350 K yields an LF activation energy for
R u (bpy)zpy22* (py=pyri dine) of 3410 cm-1, an anomalously 
high value considering the large quantum yield for
photosubstitution (0=0.3).30 Wacholtz et al, however, 
have examined the temperature dependence for
Ru (bpy) sepyse2-*- at lower temperatures (above the 
liquid-glass transition) in E t O H / M e Q H . T h e y  conclude 
that Ru(bpy)2 py22+ is essentially non—emissive above 230 
K. The weak emission at higher temperatures is
attributed to trace impurities of an emissive ruthenium 
complex, such as Ru (bpy) 3Z"*‘, since dual luminesence is
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often a result of such impurities.*50 The LF activation 
energy from the low temperature studies is 2758 cm-1 
(lifetime data) or 1957 cm-1 (steady-state intensity 
d a t a ) T h e s e  values agree with ligand field theory 
since pyridine is lower in the spectrochemical series 
than bipyridine.Furthermore, the calculated lifetime 
of the 3MLCT
l/ra =  k,_ +  k n r  +  k 0 e - E ''R T  (2)
is only 2.7 ns at 298 K, which is inconsistent with the 
500 ns decay previously reported.20• Furthermore, the 
^MLCT can be trapped by persulfate by oxidizing the 
complex, but only if the lifetime is reasonably long 
(>10 s).*51 In the case of Ru(bpy)a (py)a=!*f no oxidation
was observed even at high persulfate concentrations. 
Hence, the studies of Ru(bpy)zpy=::2- by Wacholtz et al. 
different support the model in Figure 1.
With chelating ligands such as bipyridine, the 
sequence of events following population of the LF state 
is more complicated . Although the photophysical 
properties of Ru(bpy)»=!* differ little in water and in 
dichloromethane, the complex is nearly photoinert in 
water while photolabile in dichloromethane. To explain 
different photosubstitutional behavior in various
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solvents, Meyer and co-workers proposed a mechanism that 
essentially incorporates the “chelate effect" . 2 0  
As shown in Scheme I, the LF state is deactivated either 
by radiationless decay back to the ground state or by 
formation of a pentacoordinate intermediate (I) . 520 The 
monodentate chelate of the intermediate, I, either 
recloses with the formation of starting material or 
captures an external 1igand (L), resulting in net 
substitution. Finally, the monoanated complex either 
loses the external 1 igand, again regenerating starting 
material, or captures a second external ligand, losing 
the chelate. Ru(bpy)s2* is "photoactive" in all 
solvents, but chelate ring-closure is favored in water. 
For Ru (bpy) 32'h, Scheme I has been fit to rate equations 
with two activation energies using an iterative 
1 east-squares approach: the thermal activation energy of 
the LF state and the activation energy for formation of 
the intermediate I. The pentacoordinate intermediate 
was found to lie *^2000 cm- 1  above the LF state. 2 0  The 
photochemical behavior of Ru(bpy)^py^3^ following 
population of the LF state is similar, except that loss 
of pyridine occurs instead of ring opening. The lack of 
entering group dependencies for Ru<fapy)^ <py) suggests 
that a fully formed pentacoordinate intermediate 
captures the external ligand L.
Scheme
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In this work we examine photosubstitutional 
behavior following population of the LF state. The use 
of a chelate system with low-lying LF states that are 
fully populated at ambient temperature simplifies the 
study of Scheme I. Previously we used this approach to 
study the photoanation of Ru (bpy) a (diaz)35* (diaz = 
4,5-diazafluorene) in acetonitrile. B 2  4,5-Diazafluorene 
is a bipyridine-1 ike chelate that lowers LF states with 
little perturbation of MLCT States. * 3  Because of the 
small activation energy (AE^OOO cm-1) for the 
population of the LF state, Ru (bpy) 2  (diaz)35* is 
non-emissive above 230 Hence the LF state is fully
populated at ambient temperature. No temperature— 
dependency (273-330 K) was observed. In this work a 
study the photoanation of Ru(bpy)3 -n(diaz)n2*
(n=0,1,2,3) as a function of temperature in CH^Cl= is 
reported. Spectral evidence supporting Meyer’s chelate 
model is reported that includes the observation of an 
intermediate with a monodentate diazafluorene,
C(diaz)2 Ru(Cl)diaz3*, and its slow thermal ring closure 
regenerating Ru(diaz)3=*.
124
Experimental
Materials. All solvents were purified by standard 
m e t h o d s . 4,5-Diazafluorene was prepared according to a 
modified procedure of K1 oc.33- R u  (diaz) a;2-*- was 
prepared as previously described. -7 The preparation of 
RuCl3 (bpy) followed the method of Anderson and Seddon.SB
Preparation of 2,2’-bipyridi ne-b i s < 4,5-d i az af1uo- 
rene) ruthenium(IZ> hex af1uorophophate. RuCl3 (bpy) (0.34 
mmol, 0.12g> and 4,5-diazafluorene (2.7 mmol, 0.452g) 
were added to 30 mL EtOH and brought to a reflux for 72 
h. The resulting solution was filtered hot and lg 
ammonium hexafluorophosphate was added. The solution 
was kept at 0°C overnight. The resulting orange solid 
was filtered and then was recrystal1 ized several times 
from acetone/water. NMR spectra were recorded on a 
Bruker NR-100 (100 MHz). *H NMR (100 MHz, CD3 CN) 88.79 
(d, 2H, J=4.9 Hz), S B . 45-7.36 (m, 1SH), 84.40 (s, 2H),
84.10 (s, 2H). Anal. Calcd for C^H^N^P^FxzRu- 4H2 0: C, 
40.20; H, 3.35; N, 8.79. Founds C,40.3; H, 3.08; N, 
10.40. Calcd C/N ratio: 4.52. Found C/N ratios 4.57.
Emission Quantum Yields. All emission spectra were 
recorded on an SLM 4800S spectrofluorometer and were 
corrected for photomultiplier response. Quantum yields
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were determined by integration of emission spectra at 77 
K in an EtOH/MeOH glass (4:1 v/v) relative to
CRu(bpy)^]3^ ( 0 = 0 . 3 7 6 ) Relative quantum yields
above the glass-transition temperature were determined 
in degassed EtOH-MeOH (4:1 v/v) solutions. Low
temperatures were maintained by passing pre-cooled
nitrogen gas through a quartz dewar. Samples were 
allowed to equi1 ibrate '*30 min for each temperature. 
Temperature was monitored with a copper— constantan 
thermocouple.
Photosubstitution Reactions. All absorption spectra 
were taken on a Cary 14 spectrophotometer modified to 
allow right angle irradiation with a 150 W Xe-Hg lamp 
and si multaneous magnetic stirring. A narrow band 
fi1ter (CS 5-60) and an interference fiIter (OS 3-74) 
were used in tandem for photolysis at 440-453 nm. A 
cut-off fiIter (CS 3-71) was used for photolysis above 
460 nm. Temperature was maintained in a locally 
constructed cel1-holder and was monitored by an Omega 
400J Temperature Controller with an i ron-constatan 
thermocouple. Temperatures below 0°C were monitored 
with a copper— constantin thermocouple. Typically, 2 mL 
of 0.01 M tetraethylammoni urn chloride (TEAC) or 
tetrabutylammonium chloride (TBAC) in dichloromethane 
(DCM) were degassed with Ar gas and 4-10 ^ 1  of
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CRu(bpy)3 -odia2r.3 (PFa )-2 Cn=0,1,2,3) in acetone was added 
by microsyringe. TBAC was used at low temperatures 
because TEAC precipitated at 5°C (although no difference 
in quantum yield was noticed). Samples were allowed to 
equilibrate *'*30 min for each temperature. 
Photosubstitution quantum yields were determined from 
the disappearance of the initial ruthenium complexes. 
However, the reversibi1ity of the reaction complicated 
the measurements at higher temperatures. Thermal 
regeneration of the starting diazafluorene complexes 
occurred for al 1 three of the diazafluorene complexes, 
but was most pronounced ('v5%> for Ru (diaz )3:2‘*‘ at the 
higher temperatures. Simultaneous monitoring during 
photolysis was not possible with our apparatus. 
Consequently, 5 s after photolysis, absorption was 
recorded for 1-2 s at Xm«»« of the complex: the next
photolysis was begun within 2 s. Quantum yields were 
determined in the initial stage (<1 0 X) of the reaction. 
The quantum yield for each sample and temperature is an 
average for 5-6 sequential photolyses. Light
intensities were determined by ferrioxalate
actinometry. The reversible intermediate is
postulated to be C(bpyls-^Ru(Cl) (diaz)^]* (n=l,2,3> with 
a monodentate diazafluorene, which reverts back to the 
starting material via a thermal ring-closure (vide 
infra). The kinetics of thermal ring-closure were
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monitored at various temperatures by following the 
reappearance of Ru(diaz>3z~ at 440 nm as a function of 
time after a 3 min photolysis. Absorption spectra were 
recorded following longer photolysis at the various 
temperatures to determine reaction products.
Photolysis Products. Large scale photolysis (500 mL 
0.01 M TEAC in DCM) of Ru<bpy>s-ndiazn2* (n=l?2) was 
done for 24 h on optically clear solutions (~2x10-^). 
(Photolysis of concentrated solutions failed due to 
inner fiIter effects). The solutions were then 
evaporated in vacuo to dryness yielding a dark solid. 
The sol id was dissolved in methanol and the photolysis 
product was purified by column chromatography using 
Sephadex LH 20-150 with methanol as the eluent. The 
solvent was removed and the dark product was dried in 
vacuo. The extruded 1igand was determined by NMR from 
the ratio of aromatic H to methylene H. The photolysis 
product of Ru (bpy) 3  (di az) was Ru(bpy)ssCl2 . *h NMR 
(100MHz, CDC13 ) 58.70 (m, 4H), 57.91 (m, 4H), 57.29 (m, 
8 H). The photolysis product of Ru(bpy)(diaz) yielded 
an NMR spectrum with a 7:1 ratio compared to a 5:1 ratio 
for the starting material, consistent with the 
photosylate being Ru(bpy)(diaz)Cl2 .
Reduction Potentials. Electrochemical measurements
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employed an EG&G Princeton Applied Research Model 173 
potentiostat equipped with a Model 176 current follower 
and a Model 175 universal programmer. Voltammograms 
were recorded on a Hewlett-Packard Model 7015B X-Y 
recorder. All cyclic voltammetry was done in 
acetonitrile solution with tetrabutylammonium
hexafluorophosphate as the supporting electrolyte. 
Measurements were made using a two-compartment cell with 
a Pt-disk working electrode <0.15 cm3 ) and a Pt-ring 
counter electrode in one compartment and the reference 
electrode (SSCE) in the second compartment. The two 
cell compartments were linked by a medium-porosity 
sintered-glass disk. The redox potentials of
CRu<bpy)3 ](PF^)^ Were determined previously with the 
same cell and apparatus and are reproducible.
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Results and Discussion
For polypyridine ruthenium complexes, the low
energy absorption band (453 nm for Ru(bpy)s3-*" )has been
assigned as a transition to an MLCT (dTr-^*) that is
mainly singlet in character .ZX-"ZA The ‘MLCTs of 
Ru (bpy) 3 -r. (diaz) r,2* (n=l-3 ) complexes are little
perturbed with respect to Ru(bpy)3z* (Figure 2). In 
fact, the absorption spectrum of Ru (bpy) zdiaz35’*' is 
nearly superimposable with that of the Ru(bpy)3 =* 
spectrum. Additional substitutions of diaz for bpy
raise the transitions to siightly higher energies (Table 
I). There is an 8  nm hypsochromic shift for 
Ru(bpy)(diaz) and an additional 5 nm shift for 
Ru(diaz) 3  with respect to R u ( b p y ) .
Emission originates from an MLCT (rf*->drr) that is 
mainly triplet in character.22-26'3S-3A There is little 
perturbation of the 3MLCTs for the diaz complexes
compared to Ru (bpy) s2"*". The low temperature emission 
spectra (77 K) of this series are similar to the
Ru(bpy)32+ spectrum in both bandshape and Em<0 -o> 
(Figure 3). Each substitution of diaz for bpy raises 
the 3MLCTs to slightly higher energy (Table I). As a 
result there is a 4 nm hypsochromic shift for
Ru(bpy)Zdiaz2- and an additional 1 nm shift for
130
Figure 2 Absorption spectra of Ru ( b p y ) ( d i a z ) n2"*' 
of <n=0,2,3) in water at ambient 
temperature.
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Figure 3. Emission spectra of Ru(bpy)3-n (diaz^^-’- 
t n ^ , ! ^ )  at 77K in 4:1 EtOH/MeQH 
(v/v).
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Table I. Quantum Yields, Activation Energies,
Absorption and Emission Maxima -for 
Ru(bpy>3 -n(diaz)n2+ (n = 0-3)
Ru(bpy)3=^ 
Ru(bpy)adia2 z* 
Ru(bpy)diaz2z^ 
Ru(diaz)3=!'*‘
Am ax m
(cm-1)
22,075(453)-
22,472(453)
22,727(445)
22,727(440)
XmAx b
(cm-1)
17,241(580)
17,361(576) 
17,391(575) 
h
0«= AE*
(cm-1) 
0.33 3600-*=
0.21 2271«
0.11 276
a) Absorbance at ambient temperature in water
b) Emission at 77 K in 4:1 EtOH/MeOH glass (v/v).
c) Quantum yields at 77 K adjusted to R u ( b p y ) i n
EtOH/MeOH (0=0.33).
d) Determined from plots of l/(6mm vs 1 /T.
e) Numbers in parentheses are in nm
f) Van Houten and Watts
g) Wacholtz, Auerbach, Schmehl, 01lino and Cherry
h) No emission observed at 77 KA 3
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Ru(bpy) (diazlas2*. There is no emission at all -for 
Ru(diaz);s2* at 77 K . <b3 The absence of emission -for 
Ru (d i az) as2* is likely a consequence of thermal 
population of the LF state at 77 K. Each substitution
of diaz for bpy progressively lowers the energy of the
LF state, as evident from the decrease in emission
quantum yields at 77 K (Table 1): Ru (bpy) 3=:'*' >
Ru (bpy) =2 (diaz)2* > Ru(bpy) (diaz)=2*. Emission from
Ru(bpy) (diaz)s>2* drops sharply with increasing 
temperature and the spectrum shows a substantial
bathochromic shift with loss of fine structure. Similar 
behavior has been reported for Ru (bpylasdiaz2 * . 853 The 
activation energy , AE, for the thermal population of 
the LF state may be calculated from the temperture 
dependence of luminescence lifetimes (eq 2 ) or of 
emission quantum yields using a non-linear least-squares
1/0 = (k,- + knr + kaeXp (-AE/RT) ) /kr- (3)
routine. Figure 4 shows the fit for Ru(bpy)(diaz)z2* to 
eq 3. Since an adequate fit of eq 3 to the experimental 
data results, no additional exponential terms for a 
fourth MLCT were added.<*»*•—<*»<=» Previously, fits to both 
eqs 2 and 3 have been obtained for Ru(bpy)a»(diaz)2*.“»^ 
Activation energies are summarized in Table I. AE 
decreases with each substitution of diaz for bpy.
136
Figure 4. Comparison of experimental data with the 
computer— generated fit (eq 3) of the 
temperature dependence for the relative 
quantum yields of emission of 
Ru(bpy) (diaz)Ssa'*’ in 4:1 EtOH/MeOH (v/v).
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However, the rate constant, k0 , can only be determined 
from eq 2 .
The ground state electrochemistry shows the same 
trend; each substitution of diaz for bpy only slightly 
raises the MLCTs (Table II). The metal-based Ruz*''3+ 
oxidation couple for all the complexes is the same 
within experimental error. However, the ligand-based 
reduction (bpy13''-) is somewhat more difficult for the dia 
complexes than for Ru(bpy)3z* . Therefore the rr» state 
is higher. AE° is the difference between the oxidation 
and reduction potentials. Clearly, the excited state 
redox properties should not vary much from that of 
Ru (bpy) s2"".
Caspar and Meyer, in examining various Ru (bpy)
(L = a nonchromic N-donor, arsine, or phosphine ligand) 
cations, noted a linear relationship between Em (0-0)
(77K) and AE”.^  Assuming that vibrational trapping 
energies (associated with ground- to excited-state 
structural variations) are small (as they are for 
Ru (bpy) 3=:'*'), they proposed that excited-state oxidation 
and reduction potentials could be calculated using eqs 4 
and 5.
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Table II. Redox Properties of Ru(bpy)3-n (diaz),,5*-*- 
(n = 0, 1, 2, 3)
oxidn
E°
(3+/2+)
complex
Ru(bpy)3a* 1.28
Ru(bpy)=diaz2'*' 1.27 
Ru(bpy)diaz22* 1.31 
Rutdiazls2"*' 1.29
reduction
E° AE° E* E*
(2+/+) (3+/2+) *= (2+/+)*=*
-1.32 2.60 -0.90 0.76
-1.42 2.69 -0.88 0.73
(-1.39) 2.70 -0.85 0.77
-1.45 2.74
a) Potentials (volts) vs. SSCE reference in CH3CN with 
tetrabutylammonium hexafluorophosphate as supporting 
electrolyte.
b) Potential difference between the first oxidation and 
first reduction.
c) E°(3+/2+) - Em.
d) E * (2+/+) + Em.
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E° (Ru3-"''2-'-*) ~ E'MRu3--'35--) - Em (4)
E13 (Ru2**'*) ~ E*3 (Ruz+/+) + Em (5)
E° is the formal potential for the couple. Em is
Em (0-0) measured at 77K in 4s1 ethanol/methanol glass
while E°(Ru3+/2+) and EC3 (Ru3i-'''-) are the ground-state 
potentials measured at 25°C in CH3 CN. Although the 
different media may introduce a source of error, the 
estimated error is less than ±0.1 V (estimated by
comparison of the excited-state oxidation and reduction 
potentials for Ru (bpy) s3** at room temperature in CH3CN 
with the potentials estimated by this method). The 
difference in the conditions of measurement is
neccessary when the molecule of interest does not emit 
sufficiently at ambient temperature. Since our complexes 
only emit at low temperature, the excited-state
potentials were estimated under these conditions using 
eqs 4 and 5 (Table II). As would be expected, the 
excited-state potentials are nearly the same as those of 
Ru (bpy)3z-*-.
Failure to trap the 3MLCT of Ru(bpy) =»(diaz)=- using 
the method of Bolletta et al. is additional evidence 
that the LF state is fully populated at ambient
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temperature. These workers have determined the 3MLCT 
production tor Ru(bpy)3z* at 298 K . 3 1  Emission is
quenched by electron—transfer to S2 0 B2-, The resulting
S2 0 bs- dissociates, making the reaction irreversible. 
For the disappearance of Ru(bpy)s2*, the limiting 
quantum yield is 2 , a result our lab has 
substantiated.*** In constrast, the substitution of 
Ru (bpy) 2  (di az)2"*" as the photodonor shows no evidence of 
reaction after prolnged irradiation in the presence of
Sz Ob 2" . ^  This is a consequence of the lowered LF state 
for the diaz complexes. The anticipated lifetime of the
3MLCT state for Ru (bpy) =» (diaz) at 298 K has been 
calculated as 0.07 ns using eq 3 and its activation 
energy in Table I.**5’
Figure 5 shows the photoanation of
Ru (bpy) 3 -n (di az) n2"" (n=0-3) as a function of temperature 
<5-40°C) in CHsClz. The large temperature dependence 
for Ru(bpy)3 z^ is in sharp constrast to the three diaz 
complexes. This apparent lack of temperture dependence 
was observed previously for Ru(bpy)zdiaz2* in 
acetonitrile. 3 2  The average quantum yield for 
photosubstitution in CHZC1Z (5-40°C) of the diaz 
complexes is: 0P = 1.6±0.3xi0- 2  (Ru (bpy) ^ diaz2*-);
1.7±0.4xl0- 2  (Ru(bpy) (diaz)z2-*-) ; and 9.8±1.7xl0~ 3  
(Ru(diaz)32^).
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Figure 5. Quantum yields of photosubstitution of 
Ru (bpy) 3 -r» (diaz) «-.*■*• (n=0,1,2,3) in
dichloromethane as a function of 
temperature.
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m  Ru (bpy) =.(diaz) =*-
^  Ru (bpy) =» (diaz)2*
A  R u (d i az)3a+
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The *207. uncertainty in photosubstitution quantum 
yield is probably due to the reversibility of the 
photoanation. Regeneration of starting material occurs 
for all three diaz complexes, but most dramatically for 
R u ( d i a z ) T h e r e f o r e ,  in the quantum yield 
measurements the absorbance change of the diaz complexes 
were monitored quickly and the next photolysis begun 
immediately (see experimental). The observed photolysis 
product also varied with temperature. For instance, for
R u (diaz)32* at 1°C, a new peak appears at 480 nm with 3 
isobestic points at 340, 395, and 465 nm (Figure 6 a). 
We propose that this peak represents the mono-anated 
complex, C (diaz2 )Ru(diaz)Cl with a monodentate diaz. 
This intermediate is fairly stable at temp <5°C though 
it does revert slowly back to starting material (440 
nm). However, attempts to trap this intermediate have 
not succeeded so far. At 25°C, on the other hand, a 
different spectrum results. Two peaks are observed at 
385 and 555 nm with isobestics at 400 and 480 nm (Figure 
6 b). The spectrum is similar to that of Ru(bpy)2Clz 
indicating that the product is Ru(diaz)=C 1 H o w e v e r ,  
the peak of R u (diaz)3 =- at 440 nm still grows back. The 
rate of reappearance of the 440 peak increases with 
temperature. Figure 7 shows the effect of temperature 
on the regeneration of Ru (diaz )3=:~. The kinetics at 440
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Figure 6a. Photoanation of Ru (diaz )32'*' in dichloro- 
methane with TBAC at 1°C.
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Figure 6b. Photoanation of Ru(diaz>:s2- in dichloro- 
methane with TBAC at 25°C.
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Figure 6 c. Photoanation of C (diaz)2 Ru(Cl )diaz34' in 
dichloromethane at 1°C with irradiation 
at 480 nm.
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Figure 7. Regrowth of Rutdiaz);**- as a function of 
temperature following photolysis. The 
activation energy (E.) is 15.7 kcal mol~l 
with a pre-exponential of 8.9 x 10s.
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nm were determined using the Guggenheim m e t h o d . <fb° The 
activation energy, E«, is 15.7 kcal mol- 1  and the 
pre-exponential -factor is 8 .8 B x 10°. At l^C, 
irradiation into the band at 480 nm results in the 
appearance of the two peaks at 385 and 555 nm (Figure 
6 c). The spectrum is complex, without isobestics, 
consistent with at least three species: Ru(diaz) < 4 4 0  
nm), C(diaz2 )Ru(diaz)ClU* (480 nm), and Ru(diaz)2 Cl2  
(385 and 555 nm). At 10-20°C, long photolysis times at 
440 nm also result in a three-peak spectrum, indicating 
the presence of Ru(diaz)3z* (440 nm), the intermediate 
C(diaz2 )Ru(Cl)diaz3~ (480 nm), and Ru(diaz)2 Cl2  (555 
nm). The spectra of the mixed ligand complexes,
[Ru(bpy)3 -n(diaz) <n=i,2), after long photolyses at 
low temperature reveal similar three-peak spectra; 
starting complex, monodentate mono-anated intermediate, 
and bis-chelate product (even at -lS^C). Photolyses 
above 2 0 °C show only spectra similar to those of
Ru(bpy)2 C12  and Ru(diaz)2 Cl2 . The proton NMR confirms 
that diazafluorene is the ligand lost for the mixed
ligand complexes.
The most striking behavior of this system is the 
observable thermal chelate ring-closure with an
activation energy <E„) of 15.7 kcal mol-1. The
intermediate (C(diaz)2 Ru(Cl) diazl- with a monodentate
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diaz) is clearly observed below 6 °C following photolysis 
of Ru(diaz)=fz"' (Figure 6 a). A monodentate bipyridine 
has been postulated as an intermediate in the 
photosubstitution of Ru(bpy)s*7. Van Houten and Watts 
reported spectral evidence for an uni-dentate bpy, 
C (bpy)zRu (Cl) (py-py) D+, but later investigators
reinterpreted their intermediate as a combination of
CRu(bpy)^(Hz0 ) C l R u ( b p y ) 2 Cl2  and ci s— and 
trans-CRu (bpy) Z (HZ0 ) Durham et al. have
spectral evidence of a monodentate bipyridine7 0
R u ( b p y ) + NCS~ --- > C(bpy)zRu(NCS)py-py1* (4)
which reacts thermally to form Ru(bpy)z (NCS) 2  within 
minutes.
C (bpy) 2 R u(IM C S ) p y - p y + NCS~ — > C(bpy)2 Ru(NCS)2 ] (5)
Watts and co-workers have isolated a monodentate 
bipyridine with Ir(III), C(bpy)2 (OH)Ir(py-py)3*-, which 
is a stable crystalline solid . 7 0
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The photophysics represented in Figure 1 can be 
written as -Follows
Scheme II
Ru (LL)3a*  > Ru(LL)s2+* ■> 3MLCT
ki
3MLCT ------ > Ru(LL)s2+ (k* = k,- + k„,_>
kz
3MLCT LF (k= = k„e-«T)
k— 2
where LL is a bipyrdine-like bidentate ligand (in this 
case, bpy or diaz). Two limiting cases have been 
discussed by Meyer and co-workers with regard to the 
combination o-F Schemes I and II: the first case is a 
thermal equilibrium between the 3MLCT and LF states 
where k-z >> (k3 +k.*); the second case is an irreversible 
surface crossing of the *MLCT to the LF state where k- 2
<< <k3 +k^.). ^  it has been suggested that mixed ligand 
complexes, CRu(LL)r> ( L L ' ( L L = b p y ;  LL’=bipyridine 
-like ligand), have low quantum yields (<.1 0 _=t) because 
they belong to the first case. 1 3 - 2 0 - 7 2  On the other hand 
tris complexes, R u t L D s 2*, have large quantum yields 
(>0 .1 ) since they are examples of the second case 
(irreversible surface crossing) . 1 3 - 2 0 - 7 2  The mixed diaz 
complexes (LL’,=diazs n=l,2) have irreversible surface
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crossings above 230 K. The irreversable surface 
crossing of the tris diaz complex, Ru(diaz)3=2-*', is below 
77K since there is no luminescence at this temperature. 
Again, this is a consequence of lowered LF states since 
emissiom states and reduction potentials for the diaz 
complexes are similar to that of Ru(bpy)s=s'*‘.
As mentioned previously, Scheme I essentially 
describes what is known as the "chelate effect" to 
explain the apparent photostabi 1 ity of Ru (bpy)-,35"*- in 
water. For metals this extra stabi1ity usually occurs 
with five-membered rings (or with six—membered rings if 
the ring has aromatic character) This extra
stability for chelate rings is usually attributed to 
entropic factors. We have examined the effects of 
chelate ring size on photosubstitution for the series
E (bpy)aRu(py— (CHz) n—py) ]=!'*' where n=0 ,1,2. 7 3  As might 
have been expected, ring-closure was only important for 
the five-membered ring (bpy; n=0 ), unimportant for the 
six-membered ring (n=l), and a dark thermal dissociation 
of one of the pyridine rings from the complex occurs for 
the seven-membered ring (n=2> in solution. Also, the 
environment profoundly affects the relative importance 
of this effect. For example, photosubstitution, of a 
chelating ligand is enhanced by ion-pairing in solvents 
of low dielectric constant .3to' ’5r^  In contrast, for
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photoextrusion of a ligand that not a chelate (eg., loss 
of pyridine from Ru (bpy) 2  (py) as35-*-), the quantum yields of 
photosubstitution are high in both aqueous and
nonaqueous solvents.=° These factors, along with the 
similarity of the photophysical rates (radiative and
non-radiative) and of AEs in different solvents (CH2 CI2  
and H2 0) have led to the chelate mechanism of Scheme I 
where ring opening occurs even in water.
For the loss of a bidentate 1igand, it is apparent
from Scheme I that the total photosubstitutional quantum
yield is
(z)p.total = 0i 0,_ (zsL2 (6)
where 0i_r-, 0 z, 0L , and 0 , _ 2 are the quantum yields for LF 
formation from the 3 MLCT, pentacoordinate intermediate 
formation from the LF, 1igand addition to the 
intermediate, and a second ligand addition with loss of 
the bidentate ligand. For Ru(bpy)35B*, 0 ^  and 0 * are 
both temperature dependent requiring the unravel1 ing of 
an expression with two activation energies. In 
contrast, the LF state for the diaz complexes are 
populated with unit efficiency in the range 274-313 K. 
Since 0 ,_F = 1, any observed temperature dependence must 
be due to 0 *, 0l_f or 0l_Zm
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Figure 5 shows the temperature-dependency of the 
photosubstitutional quantum yields, 0 *,, for
Ru (bpy) 3 — (diaz) p,5*-*", (n = 0—3). Ru (bpy) displays the 
usual large temperature dependence of 0 X which has been 
ascribed to the thermal activation of the LF state for 
the dissociative Ru-N bond-breaking step when LF— >1.=° 
The activation energy, AE', for Ru(bpy>32~ is 1870 
cm- 1 . 2 0  Scheme I has been defined in terms of rate 
constants where2 0
0 i * k3  / (k3  + k.*) (7 )
0 L. = kc / (ks + kA ) (8 )
0i_3! = k0  / (k7  + ks > (9 )
0 p  (LF) = 0 Z 0L_ 0t_2 (10)
0P (LF) is the intrinsic quantum yield for
photosubstitution once the LF state has been reached.
For Ru (bpy) 32"% 0 I_ 2  equals 1 since spectral studies have 
shown that any mono—dentate complex formed undergoes a 
thermal loss of bipyridine to give the bis-bipyridine 
product exclusively.*° Also for Rutbpy)^-, Meyers and 
co-workers find Scheme 1 consistent with 0 L equal to 1 
although they caution that this conclusion is based on
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only limited data.
The series, Ru(bpy)3-n (diaz),-,3- <n=l-3), displays 
little if any temperature dependence for the initial 
photolysis product. All 3 complexes, however, thermally 
regenerate to some extent following the formation of the 
initial photolysis product (as seen by the regrowth of 
the original peak). Therefore for 0s_2, k7  and ka are at 
least comparable. The larger uncertainties at the 
higher temperatures in Figure 5 reflect this. This 
regrowth is most pronounced for RuCdiaz)®52"*’. In 
addition, long photolysis times show that the only 
product formed at 1 and S^C (Figure 6 a) is a unidentate 
C(diaz)2 Ru(diaz)Cl 3- which slowly reverts back to 
starting material. Hence for 0,_2  at 1 and 5°C, k^>>kB 
assuming that C(diaz)2 Ru(diaz)ClD~ is responsible for 
the 480 nm band (and not I) and also that there is a 
thermal barrier for the formation of Ru(diaz)2 Cl2 . 
Photolysis at 480 nm results in the formation of 
Ru(diaz)2 Cl2  as reflected by the new bands at 385 and 
555 nm (Figure 6 c). In coordinating solvents, unii ke 
CH2 C 1 2, the usual intermediate is E(LL)2 Ru(C1) (S)3- (LL 
= a bipyridine type 1igand, S = solvent, e.g., aceto- 
nitrile, DMF or water ) . 2 0  However, the regeneration of 
the initial starting material would not be expected for 
C(diaz)2 Ru(Cl) (S)1^ since the dissociated diaz should
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diffuse away from the complex into the solvent (and in 
any case, CH2 C12 , is non—coordinating). Whereas for 
C(diaz)2 R u ( d i a z ) C l t h e  planar diaz is anchored to the 
complex poised for chelate ring-closure.
At or above 20oC, long photolysis times no longer 
show the 480 peak but Ru(diaz)2 Cl2  as the exclusive 
product (Figure 6 c). However, the initial band sti11 
regenerates but at a faster rate. This is an indication 
that both kzr and k8  have a thermal component probably 
due to the increasing thermal instabi1 ity of
t(diaz)2 Ru(diaz)ClD* as temperature is raised. The 
regeneration of the 440 nm peak points to the presence 
of the intermediate, C(diaz)2 R u ( d i a z ) C l w h i c h  no 
longer accumulates but partitions between Ru(diaz)3=s'*" 
and Ru(diaz)2 Cl2  during the scan time of the Cary 14. 
This fact, combined with the low extinction coefficients 
for C(diaz)2 Ru(diaz)Cl 1- and Ru(diaz)2 Cl2 , make it 
difficult to quantitatively monitor this partitioning 
with our equipment.
At 10 and 15°C, overlapping bands for
C (di az) 2Ru (diaz) Cl 3’*' and Ru (diaz) 2 C12  are seen. For 
both Ru(bpy)2 (diaz>=:^  and Ru(bpy) (diaz)22-** in the 
temperature range 1—20°C, only complex spectra are 
observed that indicate the presence of both the
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mono-chloride and dichloride photolysis products. Above 
20°C -for both of the mixed ligand complexes, only 
dichloride products are observed. NMR of the products 
confirm that the 1igand lost is diaz. The initial band 
of both of these mixed-1 igand complexes grows back at 
25°C, but to a 1 esser extent than for Ru (diaz) 
However, the regeneration of the starting complex 
coupled with the complex spectra observed at lower 
temperatures again suggests a mechanism that goes 
through a uni—dentate intermediate at higher 
temperatures. At higher temperatures, k7  is probably 
smaller than ke , but of a similar magnitude. The 
thermal barrier for the second ligand substitution must 
be at a lower temperature for the mixed ligand complexes 
than for that of Ru(diazJs2* since their spectra show 
both the mono- and dichloride products even at -15°C.
The the photoanation of the diaz complexes, 
Ru(bpy)s-r. (diaz)r.3S-*‘ (n=l-3), can be rationalized by
Scheme I. For Ru(bpy)3=~ k7 « k s whereas for Rutdiaz)®52* 
k^^ko.zo Photoanation of Ru (bpy) as*-*- with chloride in 
CHatClz proceeds by eq 1 with no evidence of a mono-bpy 
intermediate. Rutdiaz)-,2*, on the other hand, forms 
only the monodentate complex, C(diaz)a (Cl)Ru(diaz) 
below 6 °C and the chelate ring completely self—anneals. 
The formation of I in Scheme I is thought to
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dissociative. 3 0
Since the energies of the MLCTs for the series
Ru (bpy) (diaz) I-13'*' (n=0-3) are nearly equivalent, the 
lowering of the LF states and the different
photosubstitutional behavior for the diaz complexes must
lie in the structural differences of the two types of
1 igands.
Molecular models show that diaz is rigidly planar. 
The methylene bridge in diaz binds the two pyridines to 
each other at the 3-3’ positions. This results in an 
increased N-M-N bite angle upon complexation, thus 
reducing nitrogen-metal overlap. The resultant weaker g  
bond translates into a lowering of diaz in the 
spectrochemical series relative to bpy and therefore to 
a lowered ligand field state. The reduction potential 
and therefore MLCT state(s) of diaz remain similar to 
that of bpy.
The planarity of diaz and, upon complexation, both 
an increased M-N bond distance and a larger N-M-N bite 
angle have been confirmed by single crystal x-ray 
diffraction studies.^® The Ni-N bond distance of 
Ni(diaz)33~ (2.149 A) is longer than that of Ni(bpy)33‘*’ 
(2.089 A) confirming diaz to be a weaker g  bonding
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ligand. These complexes Mere studied because ammine 
complexes of nickel II have Mel1 defined ligand field 
transitions. Electronic spectra confirm that diaz is 
loMer in the spectrochemical series than bpy. As models 
predict, the N-Ni-N bite angle of Ni(diazIs2* (83.7°) is 
larger than that of Ni (bpy)®22- (78.6°). The N-Cl-Ci’-N’ 
tortional angle of bpy is -7.8° (Ni(bpy)3 =-) Mhile diaz 
(Ni (diaz)®*"*) is planar.
The extrapolation of bond lengths and bite angles 
from one metal complex to another (differing only in the 
metal) may not be appropriate since electronic demands 
of each metal differs Mith charge, electron 
configuration, and size (e.g. Mhich roM the metal is 
in). For instance, although the N i (II) and R u (II) 
complexes examined here both assume octahedral 
configurations, the former is a d8 first roM transition 
metal Mhile the 1atter is a d& second roM metal. 
HoMever, x-ray diffraction studies in this case do yield 
similar results. The single crystal x-ray diffraction
of R u (bpy)2 (diaz) reveal it to be isomorphous Mith
Ru (bpy) s2 '*-.853 d3  symmetry requires the diaz methylene 
group to be disordered into al1 three positions Mith a 
population of 1/3. The average Ru-N bond length is 
2.074 A and the average N-Ru-N bite angle is 80.1°. 
Since the x-ray structure of Ru (bpy) is knoMn, 7 6  the
164
Ru-N bond length and N-Ru-N bite angle -for diaz can be 
calculated by assuming 2/3 of the bond lengths and bite 
angles are the same as in Ru(bpy)-,2-*". The Ru-N bond 
distance -from Rutbpy)-*2- is 2.0566 so the diaz Ru-N 
distance is estimated to be 2.110 6 . The difference in 
the metal-nitrogen distance for the tris diaz and tris 
bpy complexes of Ni (0.060 A) and the difference for Ru 
complexes (0.054 A) are in agreement within experimental 
error. Since the N-Ru-N bite angle of Ru(bpy)®2* is 
78.7“ , the diaz bite angle is calculated to be 82.9°, 
similar to the bite angle of Ni (diazis2"" (83.7°). The 
N-C1-C1’-N tortional angle of Ru(bpy)32'*' is -5.9“ while 
that of Ni (bpyJs2"*" is —7.8“. Therefore the pyridine 
rings of the bpy complexes are somewhat kanted compared 
to the planar diaz. Because the Ru-N bond distance of 
Ru (NH3 ) i s  longer (2.144 A) than that of Ru (bpy)*** 
(2.056 A), dir-J^* back—bonding has been invoked for the
latter complex. By the same argument, d ? r - > T r *  
back-bonding is less important for diaz than for bpy.
Two effects can be deduced from the crystal 
structures of the diaz complexes: (1) the N-M-N bite
angle of the two pyridine rings is increased, resulting 
in poorer <7 -sigma donation from each pyridine moiety; 
(2 ) the methylene bridge between the two pyridines 
prevents rotation around the C-C in diaz in the penta-
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coordinate intermediate in Scheme I. When the
monodentate ligand of I is bpy, uncomplexed pyridine 
rings probably rotates around the connecting C—C bond so 
that the nitrogen is not in position for ring closure. 
Unassociated bipyridine prefers the S-configur—  
ation. 7 7 - 7 9  Therefore rotation around the C-C
connecting-bond of bipyridine accompanies formation of 
the pentacoordinate intermediate in Scheme 1 and loss of 
bipyridine results. A similar rational has been invoked 
for the detection of a monodentate bipyridine in the 
photochemical addition of bipyridine to M (CO)<*, <M = Cr, 
Mo, or W>.®° Diazafluorene, in contrast, is planar so
that no rotation of a pyridine ring can occur. 
Photolysis unhinges one end of diazafluorene, but the 
steric constraints of the 1 igand make ring reclosure 
favorable at low temperatures. Above S^C, both ring
closure and 1 igand dissociation occur.
Summary
Electrochemistry and electronic spectra support the 
conclusion that the LF state has been lowered with 
little perturbation of MLCTs for R u ( b p y ) n ( d i a z ) ( n =  
1,2,3) with respect to Ru(bpy)s2-. Photoanation of 
these complexes reveals behavior following population of 
the LF state since it is fully occupied for the
166
temperature range examined. Constraing bipyridine -Form 
rotation confirms Meyer's chelate model for 
photosubstituion, particularly the spectral observation 
of the intermediate, C(diaz)2 Ru(Cl)d i a z w i t h  a 
monodentate diazafluorene that can either thermally 
close regenerating starting material or be extruded into 
the solvent.
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81. The addition of pyridine to Ru(bpy)2 (py)H2 0s''' to 
form RutbpylssCpy)^18* in 1 M aqueous pyridine occurs 
with a halftime of ^7.2 minutes. * 0  The addition of 
the bidentate diaz to Ru(diaz)2 Cl2  should be much 
slower. Futhermore the photolysis product, 
Ru(diaz)2 Cl2 , is stable indefinitely in the dark 
following photolysis.
VITA
Name: Leslie James Henderson, Jr.
Borns December 15, 1950 in New Orleans,
Louisiana
Marital Status: Married to the former
Cornelia Elisabeth Terpstra 
(Lis) on August 3, 1974 
Children: Leslie James Henderson, III (Lesje) born
on June 19,1979 
Johanna Deanne Henderson born on 
February 13, 1983 
Education: 1969, West Torrance High, Torrance
California 
1973, Mountview Theatre School, London, 
U.K.
1980, B.S., California State University 
at Long Beach, Long Beach, 
California 
1987: Ph.D., Louisiana State University
Baton Rouge, Louisiana 
(Majors organic chemistry;
Minor: inorganic chemistry) 
Dissertation Title:
1. Fine-tuning Photosensitizer 
Charge in Prevention of Back
-173-
Vita (continued)
Electron Transfer in Water—
Splitting. 2. Perturbation of 
Polypridine Ruthenium(II) Excited 
States,11 supervised by Professor 
William R. Cherry.
DOCTORAL EXAMINATION AND DISSERTATION REPORT
Candidate: Leslie J. Henderson, Jr.
Major Field: Chemistry
Title of Dissertation: 1. F i n e - t u n i n g  P h o t o s e n s i t i z e r  C h a rg e  i n  P r e v e n t i o n
of Back Electron Transfer in Water Splitting.
2. Perturbation of Polypyridine Ruthenium (II) 
Excited States.
Approved:
Major Professor and Chairman
Dean of the Graduate
EXAM INING COMMITTEE:
/CP
Date of Examination:
December lf 19 87
